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Some of the properties that play a relevant role in the understanding of processes related to the for-
mation and evolution of particles once they have been emitted into the atmosphere and their source
apportionment are still poorly known. Chemical composition is a fundamental aerosol property that
determines not only its physico-chemical behavior and its effects on air quality and human health,
but also plays a determining role in optical properties having important consequences on Earth’s
radiative balance by scattering and absorbing sunlight and modifying cloud characteristics. In order
to develop effective strategies for the prevention, control and abatement of particulate pollution, the
major emission sources and processes leading to aerosol formation in the atmosphere need to be
identified and characterized.
This thesis is aiming to characterize major ambient aerosol compounds and their time evolution
linked to variations in aerosol sources and meteorology conditions. Different geographical and
emission scenarios have been studied in an urban background area of Madrid, a traffic site located
in that city and a station placed in a rural area of the south of Spain. These three sites can be
representative of urban and rural areas in Southern Europe, with similar natural and anthropogenic
features. An important contribution of this thesis is the experimental approach and instrumental
techniques used to characterize the aerosol composition that represent the state-of-the-art on world-
wide aerosol studies. These techniques are based on an Aerosol Chemical Speciation Monitor
(ACSM) and an Aethalometer.
This thesis is organized into six chapters. The first chapter presents an introduction to the
atmospheric aerosols, the relevance of some of their properties and their implications or effects.
Chapter Two describes the state-of-the-art and the resulting research objectives pursued in this
thesis from a methodological, instrumental, and analytical point of view, while also adding a
multidisciplinary component such as the definition and study of meteorological scenarios in each
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location. Chapter Three provides a detailed description of the research methodology followed in
the current study, highlighting the importance of ensuring quality of data, proper functioning of
the instruments used, their setup and maintenance, and the development of my own methodology
when the Aethalometer model is used to estimate the most proper absorption Ångström exponents
(AAEs). The results are presented in chapters Four and Five. These chapters show the results
obtained in each of the two main lines of research addressed by this thesis on the composition of
the atmospheric aerosol: the non-refractory fraction and the equivalent black carbon (eBC).
The main results obtained in this thesis are detailed below.
The ACSM instrument measured for the first time in Madrid during a period of approximately
15 months. These measurements have the purpose to identify seasonal, weekly, and intra-day
variations and the impact of different atmospheric scenarios on the non-refractory submicron aerosol
chemical composition. The average mass concentration (± SD, standard deviation) of the sum of
the ACSM chemical species at the CIEMAT urban background site in Madrid during the study
period was 5.1±4.6 µg·m−3 varying from 0 µg·m−3 to 46.9 µg·m−3. On average, organic aerosol
was the foremost PM1 constituent (48%), followed by eBC (24%) measured with the Aethalometer
instrument, nitrate (12%), sulfate (10%), and ammonium (6%). PM1 mass and chemical component
concentrations showed a seasonal dependence. The seasonal variation was attributed to changes
of source emissions, photochemical processes, synoptic circulation, the evolution of the planetary
boundary layer (PBL) height throughout the year and other meteorological factors. The diurnal
variation of the submicron species showed less pronounced diurnal cycles in warmer months than
during other seasons, except for eBC which presented a strong maximum in the early morning.
Unlike the ACSM chemical species that were characterized at one site, eBC was measured at
three different locations in Spain with different eBC source characteristics. The one-year PM10 eBC
experimental study was performed simultaneously by means of multi-wavelength Aethalometers.
The Aethalometer model was used for the eBC source apportionment study which is based on
the difference in absorption spectral dependence of emissions from biomass burning (bb) and
fossil fuel (ff) combustion. In this work we used a range of absorption Ångström exponent (AAE)
values associated with fossil fuel (AAE f f ) and biomass burning (AAEbb) based on the available
measurements. A sensitivity analysis of the source specific AAE was carried out to determine the
most appropriate AAE values. Therefore, we present a novel methodology for the determination of
the ranges of AAEbb and AAE f f by evaluating the correlations between the source apportionment of
eBC with four biomass burning tracers measured. The best combination was AAEbb = [1.63-1.74]
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and AAE f f = [0.97-1.12]. The AAEbb and the AAE f f values agree with the literature.
Mean eBC values (±SD) obtained during the period of study were 3.70±3.73 µg·m−3 at the
traffic urban site, 2.33±2.96 µg·m−3 at the urban background location, and 2.61±5.04 µg·m−3 in the
rural area. High contributions of eBC to the PM10 mass were found (values up to 21% in winter at
the urban traffic station), but with a high eBC/PM10 variability. The hourly mean eBC f f and eBCbb
concentrations varied from 0 to 51 µg·m−3 at the three sites, exhibiting distinct seasonal and daily
patterns. The fossil fuel combustion was the dominant eBC source at the urban sites, while biomass
burning dominated during the cold season (88% of eBC) in the rural area. Analysis of biomass
burning tracers and organic (OC) and elemental (EC) carbon in the rural area indicate that biomass
combustion is the main source, while OC and EC indicate a lower influence of this source at the
urban site. It seems evident that biomass burning is the main source of combustion in this rural
area and its use in winter is mainly associated with the use of firewood for domestic heating, which
also causes a serious impact on the ambient air quality. These results could be extrapolated to other
rural areas in Southern Europe.

Resumen
Algunas de las propiedades que desempeñan un papel relevante en el conocimiento de los procesos
relacionados con la formación y evolución de partículas una vez emitidas a la atmósfera y sus
fuentes, están aún por conocer. La composición química es una propiedad fundamental del aerosol
que determina no solo su comportamiento físico-químico y sus efectos en la calidad del aire y
la salud humana, sino que también es determinante en las propiedades ópticas con importantes
consecuencias en el balance radiativo terrestre dispersando y absorbiendo luz solar, y modificando
las características de las nubes. Para desarrollar estrategias efectivas de prevención, control y
reducción de la contaminación atmosférica, es necesario identificar y caracterizar las principales
fuentes de emisión y procesos que conducen a la formación de aerosoles en la atmósfera.
Esta tesis tiene como objetivo caracterizar los principales componentes químicos del aerosol
atmosférico y su evolución temporal relacionada con las distintas fuentes de aerosoles y condiciones
meteorológicas. Se han estudiado diferentes escenarios geográficos y de emisión en una estación
de fondo urbano y una estación de tráfico localizadas en Madrid y una estación situada en una zona
rural del sur de España. Estos tres sitios pueden ser representativos de áreas urbanas y rurales del sur
de Europa, con características naturales y antropogénicas similares. Una importante contribución de
esta tesis es la aproximación experimental y las técnicas instrumentales utilizadas para caracterizar
la composición de los aerosoles, que representan el estado del arte actual a nivel mundial en estudios
de aerosoles. Estas técnicas se basan en el uso de un Aerosol Chemical Speciation Monitor (ACSM)
y un Aethalometro.
Esta memoria se ha estructurado en seis capítulos. El primer capítulo presenta una introducción
de los aerosoles atmosféricos, la relevancia de algunas de sus propiedades y sus implicaciones o
efectos. El Capítulo Dos describe el estado del arte y los objetivos que ha perseguido esta investi-
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gación, desde el punto de vista metodológico, instrumental y de análisis de datos, añadiendo además
una componente multidisciplinar, como es la definición y el estudio de escenarios meteorológicos
en cada emplazamiento. El Capítulo Tres proporciona una descripción detallada de la metodología
utilizada, destacando la importancia de garantizar la calidad de los datos, el perfecto funcionamiento
de los instrumentos utilizados, puesta a punto y mantenimiento, y el desarrollo de una metodología
propia en el caso de la aplicación del modelo del Aethalometro para calcular los exponentes de
Ångström de absorción (AAE) más apropiados. Los resultados se presentan en los capítulos Cuatro
y Cinco. Estos capítulos muestran los resultados obtenidos en cada una de las dos grandes líneas de
investigación abordadas por esta tesis sobre la composición del aerosol atmosférico: la fracción no
refractaria y el black carbon equivalente (eBC), respectivamente.
Los principales resultados obtenidos en esta tesis se detallan a continuación.
El ACSM ha medido por primera vez en Madrid durante un periodo de aproximadamente 15
meses, con el objetivo de identificar variaciones estacionales, semanales e intradiarias y el impacto
de diferentes escenarios atmosféricos sobre la composición química del aerosol submicrométrico.
La concentración promedio en masa (±desviación estándar) de la suma de las especies químicas
medidas con el ACSM en la estación de fondo urbano del CIEMAT en Madrid durante el periodo
de estudio fue 5.1±4.6 µg·m−3, variando de 0 µg·m−3 a 46.9 µg·m−3. En promedio, el aerosol
orgánico fue el principal constituyente en PM1 (48%), seguido de eBC (24%) medido con el
Aethalometro, nitrato (12%), sulfato (10%), y amonio (6%). Las concentraciones de PM1 en
masa y de componentes químicos mostraron una dependencia estacional. La variación estacional
se atribuye a los cambios de las fuentes de emisión, los procesos fotoquímicos, la circulación
sinóptica, la evolución de la altura de la capa límite planetaria durante todo el año y de otros
factores meteorológicos. La variación diurna de los aerosoles submicrométricos mostró ciclos
diurnos menos pronunciados en los meses más cálidos que durante otras estaciones del año, a
excepción del eBC que presentó un máximo pronunciado a primera hora de la mañana.
A diferencia de las especies químicas medidas con el ACSM caracterizadas en un único sitio,
el PM10 eBC se midió en tres lugares diferentes en España con diferentes características de fuentes
de eBC. El estudio experimental de eBC se ejecutó simultáneamente durante un año mediante tres
Aethalometros. El modelo del Aethalometro se utilizó para analizar la contribución de fuentes
de eBC, basado en la diferencia en la dependencia espectral de absorción de las emisiones de
combustión de biomasa (bb) y combustibles fósiles (ff). En este trabajo utilizamos un rango de
valores del exponente de Ångström de absorción (AAE) obtenido experimentalmente asociado a
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combustible fósil (AAE f f ) y combustión de biomasa (AAEbb) a partir de las medidas disponibles.
Se realizó un análisis de sensibilidad del AAE específico de cada fuente para determinar los valores
de AAE más apropiados. Por lo tanto, en esta tesis presentamos una metodología novedosa para
la determinación de los rangos de AAEbb y AAE f f mediante la evaluación de las correlaciones
entre la contribución de fuentes de eBC y los cuatro trazadores de combustión de biomasa medidos.
La mejor combinación fue AAEbb=[1.63-1.74] y AAE f f =[0.97-1.12]. Los valores de AAEbb y de
AAE f f están de acuerdo con la literatura.
Los valores medios de eBC (±desviación estándar) obtenidos durante el período de estudio
fueron 3.70±3.73 µg·m−3 en la estación urbana de tráfico, 2.33±2.96 µg·m−3 en la de fondo urbano,
y 2.61±5.04 µg·m−3 en el área rural. Se encontraron altas contribuciones de eBC con respecto a
la masa de PM10 (valores hasta 21% en invierno en la estación urbana de tráfico), pero con alta
variabilidad de eBC/PM10. Las concentraciones horarias promedio de eBC f f y eBCbb variaron de
0 a 51 µg·m−3 en los tres sitios, mostrando distintos patrones estacionales y diarios. La combustión
de combustibles fósiles fue la fuente dominante de eBC en las zonas urbanas, la combustión de
biomasa predominó durante la estación fría (88% de eBC) en el área rural, mostrando valores muy
elevados. El análisis de trazadores de combustión de biomasa junto con carbono orgánico (OC) y
elemental (EC) en el área rural indicó que la combustión de biomasa es la fuente principal, mientras
que OC y EC mostraron una menor influencia de esta fuente en la zona urbana. Parece evidente
que la combustión de biomasa es la principal fuente de combustión en esta área rural, su uso en
invierno está asociado principalmente al uso de leña para calefacción doméstica, creando además
un grave impacto en la calidad del aire. Estos resultados podrían ser extrapolables a otras zonas





Atmospheric aerosols have been studied for a long time. At present, it has become a hot topic in
atmospheric physics and chemistry due to the important role they play in climate change, air quality
and public health. Governments and scientists have paid close attention to the effects caused by
aerosols and are dedicating great efforts to know their properties and the processes that intervene in
their formation and elimination.
The term aerosol refers to any solid or liquid (except pure water) particle suspended in a
gaseous medium in the size range between few nanometers to some tens of microns (1nm - 100
µm) (Finlayson-Pitts and Pitts, 1986; Kulkarni et al., 2011).
(a) (b) (c)
Figure 1.1: Electron microscopy images acquired with high resolution Scanning Electron Microscope
(SEM): (a) fresh soot-like agglomerate (b) sulfate and (c) spherical AluminoSilicate (SAS particle) (http:
//cires1.colorado.edu/jimenez-group/wiki/index.php/DAURE_Microscopy Coz, E.)
Atmospheric aerosols vary greatly in size, source, chemical composition, amount and distribu-
tion in space and time (see some examples in Fig. 1.1). Other properties like optical properties,
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hygroscopicity and mixing state depend largely on these basic properties. For specific studies,
it is useful to classify atmospheric aerosols in different categories based on their characteristics:
physico-chemical properties, origin, formation process and effects, all of them are closely related
and most relevant ones will be described in the following sections (see Fig. 1.2).
Figure 1.2: Classification of atmospheric aerosols according to different criteria.
1.2 Origin and emission sources of atmospheric aerosols
According to the origin of the atmospheric aerosols, they can be classified as natural or anthro-
pogenic (Fig. 1.3). Those of natural origin are more abundant in rural or less populated areas.
However, natural particles can be important in urban areas near the seashore or in islands influenced
by sea spray. Also extensively vegetated areas can be a source of biogenic aerosols, either primary
or secondary (the section 1.3 details the primary and secondary aerosol formation processes) as a
result of organic biogenic emissions (Martin et al., 2010). Other natural contributions are mineral
aerosols that can be local or due to long-distance transport from remote sources, such as desert
dust transportation, which can cover large areas, including cities, around the world, even if they are
not close to these arid regions. The major concentrations of anthropogenic aerosols take place in
urban or industrial areas, where aerosols are mostly associated to a significant human activity.
Aerosols of natural origin include sea salt, mineral matter (mostly desert dust), biogenic
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emissions (spores, pollens, and organics from biogenic gases), volcanic emissions (dust and sulfates
from volcanic SO2) and naturally occurring biomass burning (such as wild forest fires) (Seinfeld
and Pandis, 2006; Viana et al., 2014) (Fig. 1.3 left).
• Marine aerosols comprise one of the largest components of primary natural aerosols in the
Earth’s atmosphere. Primary marine aerosols are generated at the ocean surface by bubble
bursting from breaking waves and capillary action due to stress exerted by the surface winds,
and hence their production depends on the surface wind speed, sea state and atmospheric
stability (IPCC, 2001). Pure sea salt aerosols formed by wind stress are the major primary
component of marine aerosols (de Leeuw et al., 2011).
• Mineral dust aerosols are soil particles the wind blows into the atmosphere, mainly from
desert and semiarid surfaces. They are characterized by high concentrations of coarse
particles. The size distribution will be displaced by finer fractions during transport due to
preferential removal of the largest particles by sedimentation. The main dust regions include
the Sahara Desert and other desert regions that constitute the dust belt, comprising North
Africa, South Africa, and the Middle East Asia and China (Gobi Desert), besides some
wide high-altitude desert regions in South America. It is for that reason that dust particles
are the dominant component of the atmospheric aerosol content in the subtropical regions
of the planet (Buseck and Pósfai, 1999; Prospero et al., 2002; Knippertz and Todd, 2012;
Tomasi and Lupi, 2017). Despite its main natural origin, mineral matter can be related to
anthropogenic emissions (Falkovich et al., 2001; Gao et al., 2007; Ginoux et al., 2012). Tegen
and Fung (1995) estimated that approximately 30 to 50 % of the total dust burden is due to
changes in land use associated with anthropogenic activity, such as overgrazing, deforestation
and cultivation.
• Biogenic aerosols are solid and liquid particles released into the atmosphere from plants and
animals. Primary biogenic aerosols consist of plant debris (cuticular waxes, leaf fragments),
microbial particles (living and dead viruses, bacterial cells, fungi, spores, pollens, algae,
seeds, etc.), insects, humic matter, and other biogenic debris, such as marine colloids and
pieces of animal skins. Secondary biogenic aerosols are formed by condensation, through
gas-to-particle conversion mechanisms, of volatile organic compounds (VOCs) emitted from
the continental or marine environments. Biogenic aerosols have many different origins, which
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implies a large variety of shapes, chemical composition and size range from less than 0.1
µm to at least 250 µm (IPCC, 2001; Seinfeld and Pandis, 2006; Levin and Cotton, 2009; Liu
et al., 2012; Tavares, 2012; Tomasi and Lupi, 2017).
• Volcanic aerosols. Volcanoes eject huge columns of ash into the air, as well as sulfur dioxide
and other gases, yielding sulfates. They represent one of the most important natural source
of aerosol to the global troposphere, both during and between eruptions. These emissions
have important implications for the Earth’s radiation budget at various temporal and spatial
scales (Rampino and Self, 1984; Oppenheimer, 2003; Li and Sharma, 2013).
• Biomass burning aerosols from natural sources are emitted into the atmosphere by intense
fires of forests, Savannah grass, and other types of vegetation, occurring most frequently in the
tropical regions during drought periods. Emissions from burning vegetation include elemental
carbon (EC) or black carbon (BC) and organic carbon (OC) as well as other particulate
substances, together with gases such as CO2, CO, NOx, CH4, and non-methane hydrocarbons
(NMHCs). Their size depends mainly on the type and conditions (i.e., humidity) of fuel, the
availability of oxygen, the combustion temperature and consequently, the combustion phase
of the fire (smoldering and flaming combustion phase) (Andreae and Merlet, 2001; Jolleys,
2013; Karanasiou et al., 2016; Chen et al., 2017; Tomasi and Lupi, 2017).
PM emissions attributable to the human activities (i.e. anthropogenic aerosols) can be very
varied as they comprise fuel combustion emissions, industrial processes, non-industrial fugitive
sources (such as road dust resuspension, wind erosion of cropland, construction, etc.), domestic
emissions (from cooking, heating, etc.), transportation sources (automobiles, shipping, etc.) among
others (Seinfeld and Pandis, 2006) (Fig. 1.3 right). Among anthropogenic aerosols there are two
characteristic types associated to their sources:
• Urban aerosols are in general agglomerates of small roughly spherical elementary carbona-
ceous particles, in which the size and morphology of the clusters may vary widely. The
number distribution is dominated by particles smaller than 0.1 µm, while most of the surface
area is in the 0.1 - 0.5 µm size range. On the contrary, the aerosol mass distribution usually
has two distinct modes, one in the submicron regime (accumulation mode) and the other
in the coarse mode. The concentration depends, among others, on the distance from the
source, atmospheric conditions, meteorological variables, dispersion that determine physical-
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chemical processes that affect the concentration of the particles (Seinfeld and Pandis, 2006).
This type of aerosol is associated with high population density and a large amount of urban
aerosol comes from emissions from traffic (exhaust emissions, road dust, etc.) and domestic
heating. Moreover, all urban areas have particles suspended in their atmosphere (Querol et al.,
2003, 2004a; Amato et al., 2009; Widory and Negrel, 2009; Kumar et al., 2011; Warneck
and Williams, 2012; Pant and Harrison, 2013).
• Industrial aerosols are mainly formed during transportation, coal combustion, ceramic
and cement manufacturing, metallurgy, power generation, and waste incineration activities
(IPCC, 2001). These primary aerosol sources are responsible for the most obvious impact
of anthropogenic aerosols on environmental quality, and have been widely monitored and
regulated (Querol et al., 2003, 2004a; Minguillón et al., 2007; Querol et al., 2007; Sánchez
de la Campa and de la Rosa, 2014).
Figure 1.3: Images of natural (left) and anthropogenic (right) emission sources. Mineral dust image:
February 21, 2016, NASA image by Jeff Schmaltz, https://earthobservatory.nasa.gov/IOTD/
/view.php?id=87566. Marine aerosol image: April 11, 2012, image by Warren Antiola, https:
//www.flickr.com/photos/808armada/8676739478/ . Volcanic ash particles image: Agustine Vol-
cano, January 12, 2016, image by McGimsey, https://upload.wikimedia.org/wikipedia/commons/
1/18/Augustine_Volcano_Jan_12_2006.jpg. Forest fires image: Fire burning down the side of a
hill in Greece, July 18, 2007, image by Lotus R, https://www.flickr.com/photos/66012345@N00/
964251167/ .
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1.3 Formation processes of atmospheric aerosols
Once in the atmosphere, properties of atmospheric aerosol particles can suffer variations and
transformation by interaction with other atmospheric constituents, nonetheless they depend funda-
mentally on their formation mechanisms. According to these, atmospheric aerosols are divided into
two classes, namely primary aerosols and secondary aerosols.
Primary aerosol particle formation results from fragmentation processes or combustion.
These particles appear in the carrier gas as already well-shaped objects (Lushnikov et al., 2010)
and are emitted directly into the atmosphere from the source (Seinfeld and Pandis, 2006). In urban
areas, they are mainly related to vehicle exhaust emissions as a result of incomplete combustion
(Kumar et al., 2011; Pant and Harrison, 2013). Non-exhaust traffic related emissions such as brake
and pavement wear, are also relevant (Amato et al., 2009). Industrial facilities involving high
temperature processes such as smelters, waste incineration plants, power generation plants and
other industrial combustion sources (Yang et al., 1998) as well as construction and demolition
activities also emit primary aerosol particles (Dorevitch et al., 2006; Amato et al., 2009).
(a) (b) (c)
Figure 1.4: The oxidation of precursors: (a) homogeneous nucleation of aerosol particles (b) condensation
of aerosol particles and (c) coagulation of aerosol particles (Lagzi et al., 2013).
Secondary aerosol particle mass forms during the atmospheric oxidation of emitted precursor
gases. In this process, the oxidation of precursors, such as SO2, NO2, and suitable organic
compounds, can produce compounds with very low vapor pressures. These can condense to form a
new particle, often in combination with other species, such as water vapor and NH3, a process called
homogeneous nucleation (Fig. 1.4 (a)). They can also condense on existing particles and contribute
to them growing in size, referred to as condensation (Fig. 1.4 (b)). Furthermore, aerosol particles
can undergo evaporation, deposition, and coagulation (Fig. 1.4 (c)), whereby two particles collide
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to form one larger particle. All these processes influence the evolution of the aerosol population in
time (Seinfeld and Pandis, 2006).
1.4 Aerosol size distribution
Atmospheric aerosols are typically categorized according to their size, probably the most fun-
damental parameter for many areas of study. The particle sizes are closely related to its origin
and formation processes and subsequent to its physical and chemical processes in the atmosphere.
Particle size is usually defined according to the measurement technique used in the characterization.
Each technique measures size based on a different physical property through an equivalent diameter.
For a spherical particle of unit density, the size can be simply characterized by the geometric
diameter. For particles of arbitrary shape and density, an equivalent diameter is used:
• Geometric diameter, dg, or projected area (equivalent) diameter, is the diameter of the
circle with the same area as the irregular particle. It is obtained by microscopy techniques.
• Aerodynamic (equivalent) diameter, da, is the diameter of a unit density (1 g·cm−3) sphere
that has the same settling velocity of the particle in question (Hinds, 1999). Measured by
inertial methods such as a cascade impactor, a cyclone, or an aerodynamic particle sizer
(APS).
• Electrical mobility (equivalent) diameter, dem, is the diameter of a spherical particle with
the same electrical mobility as that of particle in question (Kulkarni et al., 2011). It is
measured by a differential mobility analyzer.
• Optical (equivalent) diameter, do, is the diameter of a particle having the same response in
an instrument that detects particles by their interaction with light (Kulkarni et al., 2011). It is
measured with an optical particle counter (OPC).
An early and widely used representation of the ambient particle size distribution was that of
Junge (1963), who fitted the plot of the logarithm of particle number concentration versus the
logarithm of particle radius with a simple power law. Later, Whitby (1978) showed that transform-
ing atmospheric aerosol number distributions to volume distributions revealed three distinct size
modes (peaks), which he labeled the nuclei, accumulation, and coarse modes. Finally, the types of
size range modes which are typically observed in ambient aerosol are the four size distributions
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described below (US-EPA, 2004) (Fig. 1.5):
Figure 1.5: Schematic showing the four typical modes found in atmospheric aerosol including a simplistic
overview about formation mechanisms (adapted from Finlayson-Pitts and Pitts (2000)).
• Nucleation mode: contains the smallest (up to 10 nm), freshly nucleated particles.
• Aitken mode: particles with aerodynamics diameters between 10 nm and 100 nm. The
Aitken mode includes nucleated particles which have grown by condensation of vapors or
coagulation.
• Accumulation mode: (100 nm – 2.5 µm) consists of particles grown further also by coagu-
lation, condensation or cloud processes.
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• Coarse mode: with particles larger than 2.5 µm. This mode comprises particles formed by
mechanical disintegration processes linked to natural origins. Coarse particles are mostly
primary and are generated from mechanical processes such as resuspended mineral dust,
marine aerosol, products from tire and brake abrasion and biogenic emissions.
Generally, coarse mode particles are not products of further coagulation of accumulation mode
particles but have different sources (e.g. dust resuspension) and therefore also have distinctively
different chemical compositions than the other modes. Due to fast removal mechanisms for smaller
(e.g. coagulation) and larger particles (e.g. sedimentation) the accumulation mode particles have
the longest atmospheric lifetimes. Nevertheless, Aitken and nucleation mode particles typically
are by far the most abundant particles in the atmosphere. But due to their low mass they do not
play a large role if the total aerosol mass is considered, this is usually dominated by accumulation
or coarse mode particles. Like most aerosol properties, the distribution of these modes strongly
depends on location (horizontal and vertical), surrounding land use / type (e.g. urban / rural or
marine / continental) or production emission source (e.g. biomass burning or dust resuspension).
Often a further classification into size ranges of particulate matter (PM) considering their
aerodynamic diameter is used: nanoparticles (<50 nm), ultrafine particles (<100 nm), submicron
particles (<1 µm), fine particles (<2.5 µm) or coarse particles (2.5 µm – 10 µm). Air quality
studies and standards (UNE-EN 12341:2015) normally refer to mass concentrations of particulate
matter with aerodynamic diameters less than 1 µm, 2.5 µm and 10 µm as PM1, PM2.5 and PM10,
respectively.
1.5 Aerosol chemical composition
Chemical composition of atmospheric aerosols strongly depends on their emission sources and
formation processes but also on their interaction with the environment (Finlayson-Pitts and Pitts,
2000). Meteorological conditions as well as the location of the measurement site may cause a
wide variation of chemical composition both in spatial and temporal scales. Sea spray, mineral
matter, organic species, carbonaceous compounds and secondary inorganic species such as sulfate,
nitrate and ammonium, in addition to some metals and water are the main chemical species found
in atmospheric aerosols (Seinfeld and Pandis, 2006). Since aerosol particle size is related to sources
and some formation processes, chemical composition is described here according to the size, first
the coarse particles, then the fine aerosols and finally the submicron fraction. Fresh sea salt particles,
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mineral dust particles, and volcanic ash particles are mainly found in the coarse mode. By reactions
in the atmosphere, nitrates and sulfates are often found in aged particles of these types.
Fresh sea salt particles are composed largely of the elements contained in seawater, mainly
sodium chloride (NaCl) but also contain significant amounts of sulfur (in the form of sulfate),
magnesium, calcium, potassium, and bromine (Lewis and Schwartz, 2004; Chi et al., 2015). The
oxidation of biogenic dimethyl sulfide (C2H6S, DMS) emitted by phytoplancton produces secondary
organic sulfur compounds (Simpson et al., 1999). Other trace elements like Al, Co, Cu, Fe, Mn, Pb,
V and Zn might contribute to this type of aerosols.
Mineral dust particles consist of the elements that are most abundant in the Earth’s crustal
material, mainly in the form of metal oxides (e.g. SiO2, Al2O3 or FeO), carbonates (e.g. CaCO3 or
MgCP3) or clays (e.g. kaolinite or illite). However, its chemical composition varies depending on
the emission area of crustal components (type of soils) and anthropogenic emissions such as mining,
agriculture or construction related activities. The main mineral composition of PM is quartz, calcite,
dolomite, clay minerals and feldspars. In minor concentrations are also found calcium sulfate and
iron oxides (Querol et al., 2002).
Carbonaceous aerosols are one of the main chemical components of PM, therefore there is a
later subsection dedicated to carbonaceous atmospheric aerosols (see section 1.5.1). Nevertheless,
the organic fraction is mentioned here in order to compare it with other chemical components in
PM1.
Similarly, volcanic ash particles also largely consist of tiny particles of crustal material mainly
as glasses or in crystalline form (Nakagawa and Ohba, 2002; Ohba and Nakagawa, 2002). The
main chemical elements contained in volcanic ash are silicium and oxygen, which constitute the
main components of minerals and rocks in the Earth’s crust and mantle. Ash chemistry is directly
related to the chemistry of the source magma. Volcanic glass is relatively high in the element silicon
compared to mineral crystals, but relatively low in non-silicic elements (especially Mg and Fe).
Both glass and most minerals almost always contain Si, Al, K, Na, Ca, Mg and/or Fe (Langmann,
2013).
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Figure 1.6: Absolute annual average concentrations of the main aerosol components in (a) PM10, (b) PM2.5
and (c) PM10–PM2.5 (Putaud et al., 2004).
As an example, Fig. 1.6 illustrates the variability in mass concentration and chemical compo-
sition of the PM10, PM2.5 and PM10–PM2.5 fractions in 14 European sites classified in terms of
the distance to large pollution source as natural, rural, near-city, urban or kerbside (Putaud et al.,
2004; Querol et al., 2004b,c). A clear increasing trend is observed for the aerosol average mass
concentration with the proximity to the emission sources from natural background to kerbside
sites. In terms of relative contributions, the major fractions in the PM2.5 are inorganic aerosols
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(including non-sea salt sulfate (nss-SO2−4 ), nitrate (NO
−
3 ), ammonium NH
+
4 )), organic aerosol (OA,
or organic matter (OM)), and black carbon (BC). Mineral dust and sea salt, which are dominant
in the coarse fractions, contribute only with a few percent to the fine aerosol. The unaccounted
fraction (i.e. the difference between quantified and gravimetrically determined mass) contains
different species for the various locations, including water and other compounds that are reported in
the legend but were not measured at all sites. Uncertainties associated to the estimation of organic
matter (OM = 1.4×OC) and mineral dust concentrations (directly determined, or estimated based
on measurements of tracers such as Al or nss-Ca2+) may affect the unaccounted mass.
Organic compounds typically account for 10–70% of the total dry fine particle mass in the
atmosphere (Gray et al., 1986; Middlebrook et al., 1998)]. Organic PM concentration, composition
and the processes that control their formation and transformation in the atmosphere are not well
understood, particularly in relation to the other major fine particle constituents, i.e. sulfate and
nitrate compounds. Furthermore, the contributions of the primary and secondary components
of particulate organic carbon have remained difficult to quantify. This is because atmospheric
particulate organic matter is part of a complex system with hundreds of different compounds,
both natural and anthropogenic, covering a wide range of chemical and thermodynamic properties
(Saxena and Hildemann, 1996). The presence of semi-volatile compounds complicates the sampling
and the characterization of organic particulate matter.
Submicron particles are mainly composed by nitrate, sulfate, ammonium, chloride, and car-
bonaceous materials, meaning the sum of organic compounds and inorganic carbon. As shown in
the Figure 1.7, organic matter (OM) constitutes the major fraction of PM1 particles in most parts of
the world. Due to constraints of the applied measurement technique, the overview of Fig. 1.7 only
represents the average chemical composition of non-refractory (NR) submicron aerosol measured
by the aerosol mass spectrometer (AMS) at 25 sites all over the world, i.e. does not contain
refractory black carbon (BC). Ambient BC concentrations usually do not exceed concentrations of
OM (Querol et al., 2013). Atmospheric organic particulate matter is characterized by a complex
mixture of compounds with various oxidation stages and functional groups and is emitted by many
different anthropogenic (traffic, residential heating, cooking, industry) and natural (vegetation,
marine life) sources.
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Figure 1.7: Worldwide NR-PM1 chemical composition provided by AMS datasets analyzed. The measurement
sites were urban areas (blue), <100 miles downwind of major cites (black), and rural/remote areas >100
miles downwind (pink). Pie charts represent the average mass concentration and chemical composition:
organics (green), sulfate (red), nitrate (blue), ammonium (orange), and chloride (purple) (Zhang et al.,
2007a).
The inorganic fraction of NR-PM1 is mainly constituted by ammonium nitrate and sulfate,
and the role of inorganic gases in the formation of new aerosol particles (secondary inorganic
components) from these components is quite well understood. The sulfate component is derived
predominantly from the atmospheric oxidation of anthropogenic and natural sulfur-containing
compounds such as sulfur dioxide (SO2) and DMS, respectively. Nitrate is formed mainly from the
oxidation of atmospheric nitrogen dioxide (NO2). Sulfate and nitrate are initially formed as sulfuric
(H2SO4) and nitric acids (HNO3), but are progressively neutralized by atmospheric ammonia, the
most abundant base in the atmosphere, forming the corresponding ammonium salts. Chloride
particles also enter atmospheric particles as a result of ammonia neutralization of hydrogen chloride
(HCl) vapor, which is emitted from sources such as incinerators and power stations. But the main
source of chlorides is sea spray even at locations hundreds of miles from the coast. HNO3 is mainly
produced from NOx oxidation, while H2SO4 from SO2 oxidation. Sea salt (NaCl) is one of the
major primary inorganic components of marine emissions and significantly affects climate acting
as cloud condensation nuclei (Charlson et al., 1987).
1.5.1 Carbonaceous atmospheric aerosols
Even if the chemical composition of aerosols is characterized by large spatial and temporal
variability (Moorthy et al., 2009; Mohr et al., 2011; Piazzola et al., 2012; Abdeen et al., 2014),
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carbonaceous aerosols typically comprise more than half of the submicron fraction of atmospheric
particulate matter (PM) (Gelencsér, 2004; Putaud et al., 2004, 2010; Querol et al., 2013; Zhu et al.,
2014). The major components of carbonaceous particulate matter in the atmosphere are organic
carbon (OC) and a refractory (and also highly light absorbing) fraction resistant to oxidation at
temperatures below 400 ºC, known as elemental carbon (EC) (Penner and Novakov, 1996). When
the elemental carbon is measured using optical methods relying on its strongly light absorbing
character, it is called black carbon (BC). The carbonate or mineral carbon (CC) is usually a minor
contributor to the total carbonaceous aerosol (Seinfeld and Pankow, 2003) and is ususally in the
coarse fraction. OC can be directly emitted from sources as primary organic aerosol (POA) or can be
produced by atmospheric reactions involving gaseous organic precursors forming secondary organic
aerosol (SOA) (Seinfeld and Pandis, 2006). Although EC and BC have been often used indistinctly
in the literature, refer to a similar fraction of the carbonaceous aerosol and are supposed to be
comparable, they can have different thermal, optical, and chemical behavior and are distinguished
by the measurement technique and protocol used.
BC is emitted during the incomplete combustion of fossil fuels, biofuels, and biomass burning
and absorbs at all wavelengths of solar radiation (IPCC, 2013). It is considered the most strongly
light-absorbing component of particulate matter (PM) (IPCC, 2013). It is always co-emitted with
other organic compounds and inorganic gases, such as nitrogen oxides (NOx) and sulfur dioxide
(SO2) (US-EPA, 2012; Bond et al., 2013). It can be transported over large distances from remote
emission sources (Bodhaine, 1995; Sciare et al., 2009; Weigum et al., 2012) since its tropospheric
lifetime relative to both wet and dry deposition ranges from one week to 10 days (IPCC, 2013). BC
is refractory (stability at very high temperatures, with a vaporization temperature near 4000 K);
insoluble in water and common organic solvents, and it exists in nature as an aggregate of small
carbon spherules. These physical properties make it unique and distinguishable from other forms of
carbon and carbon compounds contained in atmospheric aerosols (Bond et al., 2013; Petzold et al.,
2013). BC, together with methane (CH4) and tropospheric ozone (O3), is one of the most important
contributor to current global warming after carbon dioxide (CO2) (UNEP-CCAC, 2014). UNEP
and WMO (2011) have estimated that implementation of proposed BC and CH4 control measures
by 2030 could prevent up to 0.5 °C of additional warming by 2050.
The use of terms such as soot, BC, black smoke (BS), EC, light-absorbing aerosols, etc., has
caused a great deal of confusion within the air quality monitoring and aerosol research communities.
To avoid this, the Global Atmospheric Watch (GAW) Scientific Advisory Group (GAW/WMO,
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2012; Petzold et al., 2013) recommended that when BC is measured using optical techniques, the
term equivalent black carbon (eBC) should be used instead of BC to stress that the determined
optical signal gives an equivalent mass concentration to the measured absorption.
Figure 1.8: Optical and thermochemical classification and molecular structures of carbonaceous aerosol.
Depending on the method of analysis, different amounts of carbon from refractory and colored organic
compounds are included in OC and EC or BC. (Pöschl, 2005).
There are several available light-absorption based eBC measurement methods: (a) filter trans-
mission measurements using instruments such as the Aethalometer (Hansen et al., 1984; Drinovec
et al., 2015), the Particle Soot Absorption Photometer (PSAP; Bond et al. (1999)), the Multi
Angle Absorption Photometer (MAAP; Petzold and Schönlinner (2004)), and the Continuous
Soot Monitoring System (COSMOS; Miyazaki et al. (2008)); (b) photo-acoustic techniques: the
absorption of the air suspended aerosol through the pressure fluctuation due to absorption can be
measured for example by the Photo-Acoustic Soot Spectrometer (PASS) (Arnott et al., 1999); and
(c) photo-thermal interferometry techniques (folded-Jamin interferometer; Jamin (1856)).
Sandradewi et al. (2008a,b) suggested that the absorption Ångström exponent (AAE), character-
izing the spectral dependence of aerosol light absorption (Kirchstetter et al., 2004; Moosmüller et al.,
2011; Bond et al., 2013), can be used to quantify the contribution of fossil fuel and biomass burning
to the total eBC mass concentration. For this purpose, they developed the so-called "Aethalometer
model", a two-component method to apportion eBC to fossil fuel (eBC f f ) and to biomass burning
(eBCbb), which has been used extensively in the last recent years (Favez et al., 2009; Martinsson
et al., 2017; Titos et al., 2017; Zotter et al., 2017). AAE can be obtained from multi-wavelength
Aethalometer measurements, however, the selection of the two proper AAE ambient values for the
two respective sources is not a straightforward task, as they are external parameters and, especially
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the biomass burning AAE, need to be chosen after a careful sensitivity analysis.
1.6 Aerosol optical properties
The optical properties of atmospheric aerosols are of importance for a number of applications,
including atmospheric visibility and climate change studies (both direct and indirect effects),
atmospheric remote sensing and particulate matter monitoring (Kokhanovsky, 2008). When aerosol
particles interact with light, two different types of processes can occur. The energy received by the
particle can be reemitted in all directions, but with a direction depending intensity (light scattering).
Alternatively, the radiation energy can be transformed into other forms of energy, such as heat
or chemical energy (light absorption, Fig. 1.9) (Pilinis and Pandis, 1995). Processes of light
scattering dominate over processes of absorption in the visible spectrum. However, absorption of
light cannot be ignored since it influences the total radiation balance considerably. The reduction
in the intensity of a direct beam during its propagation through an aerosol medium is determined
simultaneously by absorption and scattering processes. The sum of total light scattering in all
directions and absorption is called extinction (Kokhanovsky, 2008). Aerosol particles can absorb
or scatter solar radiation, depending on their chemical composition (Finlayson-Pitts and Pitts,
2000; Wang et al., 2005). Aerosol optical properties are also determined by shape, particle size,
morphology, refractive index of the particle, the wavelength of the light, and the dependence on
relative humidity. The hygroscopic growth of aerosols with increasing relative humidity (RH)
affects aerosol direct radiative effects by changing aerosol optical properties due to increasing water
uptake of hydrophilic compositions such as sulfate, nitrate, and some organic matters.
Figure 1.9: Light absorption.
In the real atmosphere, a variety of particle shapes and a whole system of particle sizes are
always present. However, it is convenient to consider the idealized case of scattering by particles of
uniform radius r which are spherical (Chandrasekar, 2010). The size of the particle influences the
regime of light scattering. The size parameter x is a dimensionless number used to characterize and
quantify the scattered radiation. It is defined as x = 2pir/λ, where λ is the wavelength of the light.
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Commonly scattering regimes are classified into:
Rayleigh scattering x 1
According to Rayleigh’s theory for very small particles (for instance, molecules and small
aerosol particles) compared to the incident wavelength, the optical depth due to scattering (also
called Rayleigh optical depth) is τ ∝ λ−4, with the wavelength given in µ m (Boucher, 2015). This
strong wavelength dependence of λ−4 causes much more intense scattering for shorter wavelengths
(Fig. 1.10). Therefore, this process is what explains the blue color of the sky during the day, since
the blue fraction (λ ∼ 0.4 µ m) of the visible solar radiation is the best scattered wavelength in the
atmosphere. On the contrary, during twilight, when the sun is positioned near the horizon, the path of
solar radiation through the atmosphere is longer. This increased distance causes the blue wavelength
to be completely scattered out by the time it reaches an observer on the Earth. Consequently, the
light that finally reaches the observed consists mainly of orange and red wavelengths (Liou, 2002).
Figure 1.10: Rayleigh scattering.
Mie scattering x & 1
For larger particles such as aerosols or cloud drops and wavelengths in the visible spectrum,
Rayleigh theory is not valid. If wavelength and particle radius have approximately the same
value, i.e. x≈ 1, then Mie scattering dominates (Fig 1.11). According to Mie theory, the angular
distribution of scattered radiation depends only on the size parameter and the refractive index of




Figure 1.11: Mie scattering: (a) small particles (b) large particles.
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Geometric optics x 1
The optical properties of particle-radiation interactions with size parameter clearly exceeding
one are explained by geometrical optics. This is a non-selective scattering, which equally influences
all wavelengths in the visible and near infrared spectrum. It produces a scatter that has a color
that ranges from blue to white. In this case, the geometric ray-tracing method can be applied:
a light beam can be considered as a bundle of separate parallel rays that hit the particle or go
around it. Rays impinging on the scatter undergoes reflection and refraction, the one that pass
around experience diffraction (Fig. 1.12). Such ray tracing techniques are used to describe optical
phenomena such as rainbow and halo, and the corona, respectively.
Figure 1.12: Geometric optics.
This thesis focuses mainly on the light absorption by carbonaceous particles, with respect to
the aerosol optical properties, due to their important consequences on climate forcing.
1.7 Effects of atmospheric aerosols
The assessment of the aerosols’ impact on two major topics concerning future human history,
human health and climate change, provides a major motivation for atmospheric aerosol research.
Numerous studies have demonstrated that natural and anthropogenic aerosols do not only influence
Earth’s climate, but also have adverse effects on air quality, and consequently on human health and
ecosystems. Reducing emissions of major pollutants therefore leads to reduced levels of particulate
air pollution, of population exposure and of health effects, although there is no evidence of a safe
level of exposure or a threshold below which no adverse health effects occur (WHO, 2013a).
1.7.1 Human health effects
According to the World Health Organization (WHO), air pollution represents a significant environ-
mental risk to human health (WHO, 2016). The most health-damaging particles are those with a
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diameter of 10 microns or less (≤ PM10), which can penetrate and lodge deep inside the lungs (Fig.
1.13). For example, inhalation of anthropogenic aerosols during variable time exposures (short to
long term) can cause diseases such as lung cancer, chronic bronchitis, asthma, stasis, permanently
impairing children’s cognitive development, low birth weight, and even death (Dockery et al., 1993;
Beeson et al., 1998; Pope et al., 2002; Pope and Dockery, 2006; Fann et al., 2012; WHO, 2013b;
Burnett et al., 2014; Sunyer et al., 2015; Brauer et al., 2016; Oudin et al., 2016; Rivas et al., 2016;
UNICEF, 2016; Lin et al., 2016; Di et al., 2017; McNeill, 2017).
The fractions of the airborne particles inhaled and deposited in the various regions depend
on many factors. However, for sampling purposes conventions have been agreed in terms of
aerodynamic diameter, which say what should be collected, depending on which region is of
interest for the substance and hazard concerned. The American Conference of Governmental
Industrial Hygienists (ACGIH), the International Organization for Standardization (ISO), and the
European Standards Organization (CEN) have reached agreement on definitions of the inhalable,
extrathoracic, thoracic, tracheobronchial and respirable fractions (ICRP, 1994; ISO, 1995;
ACGIH, 1999).
Figure 1.13: Areas where airborne particles are deposited in the human body (Guarieiro and Guarieiro,
2013).
These fractions are defined as follows. Inhalable fraction is the mass fraction of total airborne
particles which is inhaled through the nose and mouth. Extrathoracic fraction is the mass fraction of
inhaled particles which fails to penetrate beyond the larynx. Thoracic fraction is the mass fraction
of inhaled particles penetrating beyond the larynx. Tracheobronchial fraction is the mass fraction of
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inhaled particles which penetrates beyond the larynx, but which fails to penetrate to the unciliated
airways. And the respirable fraction is the mass fraction of inhaled particles which penetrates to the
unciliated airways.
Particle surface area, ultrafine particle concentrations, bioavailable transition metals, polycyclic
aromatic hydrocarbons (PAHs, many of them carcinogenic) and other particle bound organic
compounds are suspected to be more important than particle mass in determining the health effects
of air pollution (Lighty et al., 2000; Li et al., 2003; Nel, 2005).
The relative contribution of primary and secondary particles on the health effects is still
unknown, but there are indications that secondary particles can be even more hazardous than
primary particles (McWhinney et al., 2011; Rager et al., 2011; Künzi et al., 2015). Therefore, both
primary and secondary particle emissions must be taken into consideration when evaluating the
health effects of particle emissions (Alanen et al., 2017).
There are PM metrics for which response-functions have been published for at least some
health outcomes, including PM10, the coarse fraction of PM10, black carbon, sulfate and others.
Health impact assessors could use black carbon, as an indicator primarily for traffic-related PM
using published short-term or long-term response functions. However, compared to PM2.5, there
are fewer studies and/or fewer health outcomes available for black carbon and other alternative
metrics. Risk assessments based on PM2.5 studies will be the most inclusive. Alternative metrics
such as black carbon may be used in sensitivity analyses. One need to keep in mind that the impact
derived for different PM metrics should not be summed up given that the effects and sources are
not fully independent (WHO, 2013b).
Motor vehicles are a significant source of urban air pollution. Health effects of proximity
to roads were observed after adjusting for socioeconomic status, and after adjusting for noise.
Elevated health risks associated with living in close proximity to roads is unlikely to be explained
by PM2.5 mass since this is only slightly elevated near roads. In contrast, levels of pollutants such as
ultrafine particles, CO, NO2, black carbon, PAHs and some metals are also more elevated near roads.
Individually or in combination, these are likely to be responsible for the observed health effects.
Current available evidence does not allow discernment of the pollutants or pollutant combinations
that are related to different health outcomes although association with tail pipe primary PM is
increasingly identified (WHO, 2013b).
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1.7.2 Climate effects
Atmospheric aerosols influence the Earth’s energy balance both directly, through absorption and
scattering of solar radiation in the atmosphere (Shine and Forste, 1999; Haywood and Boucher,
2000; Satheesh and Moorthy, 2005; IPCC, 2007), and indirectly, by acting as cloud condensation
nuclei or ice nuclei (Twomey, 1974; Albrecht, 1989; Lohmann and Feichter, 2005; IPCC, 2013)
(Fig. 1.14). Some aerosol components (i.e. black carbon) may have a net warming impact, while
others (i.e. nitrates, sulfates, organic carbon, etc.) may have a cooling effect (Chýlek and Coakley,
1974; IPCC, 2013).
Figure 1.14: Schematic of the new terminology used in the IPCC (2013) for aerosol-radiation and aerosol-
cloud interactions and how they related to the terminology used in IPCC (2007). The blue arrows depict solar
radiation, the green arrows represent terrestrial radiation, and the brown arrow symbolizes the importance
of couplings between the surface and the clouds layer for rapid adjustments.
The Intergovernmental Panel on Climate Change (IPCC), which is the international organization
established by the World Meteorological Organization (WMO) and United Nations Environment
Programme (UNEP), collects in the Fifth Assessment Report (AR5) the current state-of-the-art and
scientific knowledge of the climate change and its driving forces. Figure 1.15 shows the evaluation
of the effects of atmospheric pollutants on climate (IPCC, 2013), this figure represents the radiative
forcing (RF) components (positive and negative) acting on the Earth’s radiative balance (incoming
vs. outgoing radiation). RF quantifies the change in energy fluxes caused by variations in natural
and anthropogenic agents. Positive RF tends to increase the surface temperature, while negative
RF leads to surface cooling. RF is estimated based on in-situ and remote observations, properties
of greenhouse gases (GHG) and aerosols, and calculations using numerical models representing
observed processes.
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Figure 1.15: Radiative forcing (RF) estimates in 2011 relative to 1750 and aggregated uncertainties for
the main drivers of climate change. Values are global average RF, partitioned according to the emitted
compounds or processes that result in a combination of drivers. The best estimates of the net RF are shown
as black diamonds with corresponding uncertainty intervals; the numerical values are provided on the right
of the figure, together with the confidence level in the net forcing (VH-very high, H-high, M-medium, L-low,
VL-very low) (IPCC, 2013).
The RF of the total atmospheric aerosols effect in the atmosphere, which includes cloud
adjustments due to aerosols, is -0.9 [-1.9 to -0.1] W·m−2 (medium confidence), and results from a
negative forcing from most aerosols and a positive contribution from black carbon absorption of
solar radiation. There is high confidence that aerosols and their interactions with clouds have offset
a substantial portion of global mean forcing from well-mixed GHG. Nevertheless, they continue to
contribute the largest uncertainty to the total RF estimate (IPCC, 2013).
1.7.3 Visibility effects
Visibility is a quantity that refers to the clarity with which distant objects can be seen. The
atmospheric aerosol degrades the visibility as a result of scattering and absorption of light by aerosol
particles. The degradation of visibility caused by atmospheric aerosol is due to the extinction of
light when the light passing through the atmosphere (Horvath, 1995). Visual range is another term
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practically used to characterize the visibility. Even if no distant objects are within view, subjective
judgments about visual range can be made based on the coloration and light intensity of the sky
and nearby objects (Seinfeld and Pandis, 2006).
Major pollution episodes, volcanic eruptions, wildfires, and dust storms can greatly reduce
visibility and affect, or even disrupt, transportation systems worldwide (particularly aviation), as
demonstrated impressively by both historic (e.g. London’s Great Smog and the U.S. Dust Bowl)
and more recent episodes (the dust storm in Sydney in September 2009, the eruption of the volcano
at Eyjafjallajökull, Iceland, in April 2010, and the massive forest and peat fires in Russia during
July and August 2010) (Gieré and Querol, 2010; Majra, 2011; Thorsteinsson et al., 2012). In some
regions, such events occur on a regular basis. For example, Saharan dust is observed regularly on
the Canary Islands and in Europe, where it is transported by hot, seasonal winds (d’Almeida, 1987;
Menéndez et al., 2007). Similarly, the seasonal dust storms in eastern Asia transport substantial
amounts of dust from the source areas across Korea and Japan to places as far away as Greenland
(Lee et al., 2003; Yang et al., 2008; Huang et al., 2013b). Another example is the southeast Asian
haze episodes, which result from biomass burning and combustion of biofuels (Huang et al., 2013a;
Chen et al., 2017; Lee et al., 2017).
Figure 1.16: Skyline view of Madrid and the smog cloak which covers the city on 7 November 2011.




State-of-the-art and research objectives
2.1 State-of-the-art
Atmospheric aerosol is currently a subject of extensive research, although over the last decades the
attention was enormously increased from the atmospheric science community. This is in part due to
the huge advances in measurement technologies, which have allowed for an increasingly accurate
understanding of the chemical composition and of the physical properties of atmospheric aerosols
and of their processes in the atmosphere. The specific subjects within atmospheric aerosol science
that have received the largest attention (most-cited papers, from the ISI Web of Science) deal with
organic aerosols, new particle formation, aerosol sources and atmospheric budget, radiative forcing
of aerosols, and aerosols and precipitation.
Some of the properties that play a relevant role in the understanding of processes related to the
formation and evolution processes of particles once they have been emitted into the atmosphere and
their source apportionment are still poorly known. Chemical composition is a fundamental aerosol
property that determines not only its physico-chemical behavior and its effects on air quality and
health, but also plays a determining role in optical properties having important consequences on
Earth’s radiative balance.
Most of studies have characterized the chemical composition of the PM10 and PM2.5 fractions
of airborne particulate matter. Howbeit, experimental studies of submicron sized particles are still
quite scarce. Numerous studies have indicated that people exposed to particulate matter (PM) can
suffer adverse health effects. In particular, PM1 is able to penetrate into human respiratory and
circulatory systems, resulting in respiratory track diseases, cardiovascular, immunological or heart
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diseases and others. Thus, submicron particles have the greatest importance from the standpoint of
health impact assessment studies.
In the United States, detailed chemical speciation of inorganic fine aerosol from traffic sources
was performed (Dzubay et al., 1979) and the production mechanisms of urban secondary inorganic
aerosols (SIA) were investigated (Middleton et al., 1980) during the last quarter of the century. The
size distribution of atmospheric aerosols (sulfate, ammonium and nitrate particulates) was also
studied in Japan, and Kadowaki (1976) differentiated natural and anthropogenic fractions in 1976.
A great number of studies have been conducted at many locations across Europe from the 80’s
to obtain PM10 and PM2.5 concentrations, chemical characterization and source apportionment
of aerosol constituents from different types of environments (Harrison and Pio, 1983; Pio et al.,
1991; Putaud et al., 2004; Van Dingenen et al., 2004; Putaud et al., 2010). Consequently, it could
help to improve the knowledge on the variation and trends of PM composition (Cusack et al.,
2013) and increase the understanding of PM sources (Belis et al., 2013). Traditionally, atmospheric
composition observations have been performed in the northern and central part of the continent.
However, during the last decades a growing number of aerosol observations have been located
in southern Europe (Querol et al., 2004b; Salvador et al., 2010; Milford et al., 2013; Faustini
et al., 2015). Most of these monitoring stations are considered urban sites, and proportionally
there is still very few information on continental background and rural areas (Putaud et al., 2010).
Nonetheless, the PM1 fraction of the atmospheric aerosol remains relatively understudied as has
been highlighted by the scientific bibliography (Mohr et al., 2011; Petit et al., 2015; Bressi et al.,
2016). Furthermore, the existing studies of the submicron fraction mostly cover specific areas of
America, Asia and Europe, showing a lack of information about representative areas of Southern
Europe (Canagaratna et al., 2007; Mohr et al., 2011; Alier et al., 2013; Petit et al., 2014; Minguillón
et al., 2015; Budisulistiorini et al., 2016; Kumar et al., 2016).
In Spain, aerosol ambient concentrations have been well characterized in numerous studies
(Querol et al., 2004a,c; Minguillón et al., 2007; Querol et al., 2007; Salvador et al., 2007; Querol
et al., 2008) at different types of environments and speciation and source-apportionment techniques
have been applied to determine the contributions from the main aerosol fractions (Querol et al.,
2004c). Special attention has been dedicated to the Saharan dust outbreaks, since they contribute
significantly to PM levels, mainly in the spring and summer seasons (Querol et al., 2001; Escudero
et al., 2006; Salvador et al., 2008; Rodríguez et al., 2012; Morales-Baquero et al., 2013; Salvador
et al., 2013, 2014; Rodríguez et al., 2015; Pérez García-Pando et al., 2016; Titos et al., 2017). These
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studies have been based on aerosol chemical speciation and size fraction although other optical and
morphological aerosol properties have been characterized as well (Kandler et al., 2007; Toledano
et al., 2007; Coz et al., 2009, 2010, 2011).
First study in terms of the chemical composition of atmospheric aerosols carried out in Madrid
(Spain) was performed by Artíñano et al. (2003) for the two-year period 1999-2000. This study
allowed to investigate the anthropogenic and natural influence on PM10 and PM2.5 size fractions.
As in other regions in Europe (Putaud et al., 2010) and previous studies in Spain (Querol et al.,
2004b), non-mineral carbon was identified as the major component of particle mass in both PM10
and PM2.5 fractions, with relative contribution to the total mass concentration of 32 % and 41 %
respectively. The abundance of carbonaceous aerosol was also verified in further studies developed
in urban traffic, urban background and rural areas in the Madrid airshed during the 1999-2008
period (Salvador et al., 2012).
Moreover, in a comprehensive study (78 monitoring stations across Spain) (Querol et al., 2013)
the highest levels of non-mineral carbon in PM10 and PM2.5 were recorded in the Madrid traffic
stations. Nevertheless, in this work there is no available information on the PM1 fraction. In the
central area of the Iberian Peninsula, studies of PM1 fraction are scarce and mostly limited to
specific campaigns (Plaza et al., 2011b; Mirante et al., 2013, 2014).
The knowledge of the chemical composition with long time series (entire season or year)
has usually been limited by the coarse size and relatively low time resolution (typically 24 h)
of most existing instrumentation for aerosol chemical measurements (McMurry, 2000). Thus, it
prevented the study of its diurnal variation and short-lived physico-chemical processes. Several
instruments that are capable of performing real-time and continuous (or semicontinuous) size-
resolved measurement of ambient aerosol composition have been developed in the last decade
(Murphy et al., 1998; Suess and Prather, 1999; Jayne et al., 2000). Compared to the traditional
multistage impactor technologies, online techniques are usually faster, less labor intensive, and less
vulnerable to artifacts introduced during sample collection and processing. While most recently
developed size-resolved composition instruments measure the qualitative composition of single
particles (Middlebrook et al., 2003), the Aerodyne Aerosol Chemical Speciation Monitor (ACSM)
can determine the size and chemical composition of the ensemble of submicron particles in situ,
with time resolution of minutes for typical ambient measurements (Ng et al., 2011). This instrument
allows to study the temporal variability due to the high-time resolution, the seasonality using
long term datasets, the phenomenology by means of the chemical composition and the sources of
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the aerosols. Even though promising results have been recently reported (Canonaco et al., 2013;
Budisulistiorini et al., 2014; Canonaco et al., 2015; Minguillón et al., 2015; Petit et al., 2015;
Sun et al., 2018), this technique is still novel and requires additional field deployment to test
its consistency with independent methods for the monitoring of submicron PM chemistry (e.g.
filter measurements). In addition, information on the accuracy of this technique is of paramount
importance given the growing number of ACSMs in Europe, at present about 20 ACSMs are in
operation in Europe and only 2 are located in Spain.
Aditionally, a number of studies strongly suggest the link between carbonaceous aerosols and
many health effects of airborne particles. As mentioned in the previous Chapter, carbonaceous
particulate matter may be classified into three components: organic carbon (OC), elemental carbon
(EC, if it is measured using optical methods it is called black carbon, BC) and carbonate or mineral
carbon (CC). EC concentrations have been used as a surrogate to monitor occupational exposures
to diesel exhaust (Birch and Cary, 1996; NIOSH The National Institute for Occupational Safety
and Health, 1996; Nel et al., 1998). These emissions can cause a number of detrimental issues and
are believed to enhance immunological responses to allergens and eliciting inflammatory reactions
with impact on the respiratory and cardiovascular systems at relatively low concentrations and
short exposure duration (Brunekreef et al., 1997). Organic aerosols may also pose a significant
risk to human health (Mauderly and Chow, 2008; Verma et al., 2009) as they can include organic
compounds (i.e. Polycyclic Aromatic Hydrocarbons - PAHs) any of them considered carcinogenic
(Benzo[a]Pyrene - B[a]P).
The review of the results of all available toxicological studies, one of the most important in
health studies, suggested that BC (measured as EC) may not be a major directly toxic component
of fine PM, but it may operate as a universal carrier of a wide variety of, especially, combustion-
derived chemical constituents of varying toxicity to sensitive targets in the human body such as
the lungs, the body’s major defense cells and possibly the systematic blood circulation (WHO,
2012). BC, emitted as tiny spherules, ranging in size from approximately 0.01 to 0.05 micrometers
(µm) mostly depending on the type of fuel, and aggregating to form particles of 0.1 to 1 µm, and
co-pollutants make up for the majority of the fine particulate matter (PM2.5), currently considered a
major environmental cause of respiratory and cardiovascular diseases, with a global estimation of
more than 6 million premature deaths annually from exposure to indoor and outdoor (Lim et al.,
2012; US-EPA, 2012; WHO, 2012).
There are several mechanisms by which BC affects climate such as direct effect (contributing
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to warming of the atmosphere and dimming at the surface) and the effect on snow/ice albedo and
clouds (US-EPA, 2012). According to the latest report from the IPCC, BC is the only type of
aerosol that increases global climate warming and the second most significant contributor to climate
change, after carbon dioxide (CO2) (IPCC, 2013; Bond et al., 2013).
About 8 % of the total global BC emissions are produced by the United States, whose main
sources are diesel engines and biomass burning (residential heating, industry, and wildfires). In
developing countries within Asia, Africa, and Latin America, BC emissions have been increasing,
emitting more than 75 percent of the total global BC emissions, especially from cook stoves
and open biomass burning (US-EPA, 2012). Europe produces about 6 % of the total global BC
emissions, being diesel transportation the predominant source (UNEP-CCAC, 2014).
The principal sources of BC at urban and/or industrial areas are combustion of fossil fuels
(diesel and coal) for the generation of energy industrial activities and heating, open biomass burning,
and cooking with biofuels (Ramanathan and Carmichael, 2008; Reche et al., 2011; Milford et al.,
2016). They are of anthropogenic origin. "Open biomass burning" also includes combustion of
forests and grasslands, regardless of the natural or man-induced cause of the fire (Bond et al., 2013).
Source apportionment studies in Madrid, pointed to traffic emissions as the dominant source of
carbonaceous aerosol (Salvador et al., 2004; Plaza et al., 2011a; Salvador et al., 2012) leading in
many occasions to PM limit value exceedances.
Therefore, the quantification of atmospheric equivalent BC (eBC, when the carbon mass is
derived from the absorption coefficient) and co-pollutants mass concentrations, as well as the
identification and characterization of its sources, are of particular interest for designing efficient
mitigation strategies. In addition, it will also contribute to a better understanding of their associated
direct and indirect climate effect.
From an environmental standpoint, atmospheric aerosols also constitute an important policy
issue in air quality and climate sciences. Actually, particulate matter pollution constitutes probably
one of the most challenging problems in air quality regulation worldwide, and at the same time it
represents one of the biggest sources of uncertainty in current climate simulations.
Air pollution in Spain is an important problem due to high levels of PM registered. Although in
Madrid levels of PM have recently decreased, for many years the regulations in force have been
breached, being its current problem the NO2 high concentration levels. Besides Madrid, PM limit
values are also exceeded in other urban and rural areas of Spain (MAPAMA Ministry of Agriculture
and Fisheries Food and Environment, 2017). One of these latter is located in the Andalusian
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olive groves region of Jaén (Villanueva del Arzobispo), which in the last 5 years has experienced
European PM10 daily limit value exceedances and in 2016 has exceeded the PM2.5 annual limit
value (the unique station in Spain exceeding this limit value) (Junta de Andalucía, 2016; MAPAMA
Ministry of Agriculture and Fisheries Food and Environment, 2017). A technical report of air
pollution in Villanueva del Arzobispo was performed by the CIEMAT research center (Salvador
et al., 2016), including part of the results presented in this Thesis. It has been used by the Regional
Government of Andalusia to deal with the infringement procedure in case of a breach of European
Union environment law, which could lead to economic sanction. High concentration levels are
recorded during autumn and winter months in this region and have mainly been associated with the
increase of domestic biomass burning in these periods of the year (Salvador et al., 2016). This is a
problem that has been identified in other places, the WHO has also put the focus on this, especially
in the Asian regions (Kurmi et al., 2008; Sidra et al., 2015), and therefore should be investigated
since it can represent a serious health risk for the population at the local level. Nevertheless, this is
not a local problem as it affects not only to the whole olive grove area of Andalusia (one of the
greatest in Europe) but also to vast regions in the South of Europe (Diapouli et al., 2017).
2.2 Research objectives
This thesis tackles the study of chemical composition and other related physico-chemical aerosol
properties to get a deeper inside on their processes in the atmosphere and the contribution of
main aerosol sources at different types of environments. An important contribution of the thesis
study is the experimental approach and instrumental techniques used, which represent the current
state-of-the-art in aerosol studies. These are based on the use of an instrument based on AMS
(Aerosol Mass Spectroscopy), the Aerosol Chemical Speciation Monitor (ACSM), for continuous
monitoring of the non-refractory organic and inorganic aerosol fraction, and an Aethalometer
for the measurement of light absorption by aerosols as well as the acquisition of real-time eBC
measurements and identification of its origin.
Thus, the main objectives of this work are the following:
1. To fill the information gap on chemical composition of the submicron aerosol in representative
areas in Southern Europe.
2. To achieve a high-quality database of high-time resolution measurements of chemical com-
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position in Madrid and in addition, aerosol black carbon in three representative sites in Spain,
not previously characterized.
3. To analyze the influence of meteorological scenarios on the chemical composition of the
aerosol at different areas of Spain from rural to traffic sites.
4. To characterize the atmospheric black carbon and the co-pollutants sources in distinct areas
of Spain with rather different characteristics in terms of eBC sources.
5. To evaluate and validate the Aethalometer model as source apportionment tool for biomass
burning and fossil fuel contributions.
The objectives from 2 to 5 of this thesis constitute the work published in Becerril-Valle et al.
(2017). There are other three related publications (Artíñano et al., 2017; Fernández et al., 2017,
2018), which contributed to the development of this thesis, although they do not properly constitute
chapters of this dissertation. The aforementioned publications toghether with other contributions to




The present study has focused on the physico-chemical characterization of atmospheric aerosols
under different meteorological conditions and places in Southern Europe.
As it is indicated in the title of this chapter, it includes the research methodology of the
dissertation, which is divided in three main sections. In more details, the first part describes the
areas of study. After that, the instrumentation used during the long-term measurements, which
includes online and oﬄine instrumentation. Finally, the procedure for the characterization of
atmospheric scenarios.
3.1 Measurement Sites
The data used in this thesis were gathered at three different sites in Spain (Fig. 3.1). On the
one hand, two of them are urban sites located in Madrid: one at the Research Center for Energy,
Environment and Technology (CIEMAT) facilities, an urban background area; and the second at
Escuelas Aguirre, a traffic urban site. On the other hand, a third site was located in a rural area of
Andalusia (Villanueva del Arzobispo, Jaén). Simultaneous measurements were carried out during a
one-year period at these three sites.
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Figure 3.1: Measurement sites used in this study (source: Google Earth).
3.1.1 Madrid sites
Madrid is the most populous city in Spain with more than 3 million inhabitants in the urban core.
In contrast to a great number of the other large European cities, there is very low heavy industrial
activity in the metropolitan area. Traffic and commercial and domestic heating (natural gas (78 %),
fuel-oil and some coal boilers (2 %) and biomass burning stoves (0.9 %)) are the major local sources
of air pollution (Madrid City Council, 2015a) leading to significant air pollution episodes during
the autumn and winter periods under atmospheric anticyclonic stagnation conditions (Artíñano
et al., 2003; Plaza et al., 2011a). Madrid’s climate is considered as Mediterranean continental
(Köppen climate classification) with dry and hot summers and cold winters. Even though levels of
air pollution seem to have experienced a significant decrease in recent years (Querol et al., 2014;
Salvador et al., 2015), mean ambient concentrations of all primary pollutants increased during 2015
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compared to previous years with the exception of ozone, which remained stable, according to the
latest report on air quality published by the Madrid City Council (Madrid City Council, 2016).
This increase could be associated with adverse meteorological conditions, such as intense winter
atmospheric pollution episodes which took place during that year.
CIEMAT
One of the urban sites of this study, CIEMAT (40º27’23"N 3º43’32"W, 669 m ASL), is located
in the NW part of the city, in a non-residential area at the edge of the main University Campus
(Ciudad Universitaria). This site can be considered as representative of the urban background
according to the European Environment Agency (EEA, 1999) criteria for air quality monitoring
stations classification.
The research center is situated hundreds of meters away from streets or roads and is close to an
urban park (Dehesa de la Villa) in the north. It is placed downwind of the center of Madrid for the
N to SW wind directions (clockwise), and downwind of a great-forested area (Casa de Campo and
Monte de El Pardo) with respect to the W to NW wind directions, although some traffic lines are
also present in these direction sectors (Plaza et al., 2011a).
Escuelas Aguirre
The other urban site, Escuelas Aguirre (40º25’17.63"N 3º40’56.35"W, 672 m ASL), is located in
one of the stations of the Madrid City Council air quality monitoring network (local government,
http://www.mambiente.munimadrid.es/svca/index.php?lang=en). This is a traffic urban
site, located in the city center at the intersection of two major avenues close to El Retiro Park, the
green lung of Madrid. The surrounding area is characterized by intense road traffic leading to high
pollution levels (both NOx, PM10) measured at this station.
3.1.2 Villanueva del Arzobispo, Jaén
The rural site (Villanueva) is located in the region of Jaén, Andalusia, the largest area of olive
groves of Spain, with over a million and a half hectares. In the recent years, olive waste is being
used in the area for power generation, which could contribute to air quality problems in this region
(Sigsgaard et al., 2015). At the same time, the economic crisis has resulted in an increasing use
of biomass (wood and olive pits) for domestic heating during the cold months adding another
air pollution source in this area. The measurement site forms part of the Air Quality Monitoring
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Network of Regional Government of Andalusia (Junta de Andalucía) placed in Villanueva del
Arzobispo (38º10’27.80"N 3º0’18.30"W, 620 m ASL), a small town with about 8700 inhabitants.
This station has exceeded the European PM10 daily limit value during the last 5 years, mainly
during the autumn and winter months, and the PM2.5 annual limit value in 2016 (the unique station
in Spain exceeding this limit value) (Junta de Andalucía, 2016; MAPAMA Ministry of Agriculture
and Fisheries Food and Environment, 2017). This geographical area has a continental climate
characterized by long periods of atmospheric stability and frequent fog episodes in winter and dry
and very warm summers.
3.2 Instrumentation and measurements
In this work, data from the period December 22, 2014 to December 21, 2015 were analyzed at the
three sites. Moreover, at CIEMAT place, data for the period from December 22, 2013 to December
21, 2014 were also analyzed. Astronomical seasons were considered to study the seasonal variation
and Coordinated Universal Time (UTC) was used.
3.2.1 Aerosol Chemical Speciation Monitor (ACSM)
The Aerosol Chemical Speciation Monitor (ACSM, Aerodyne Research Inc.), based on the Aerosol
Mass Spectrometer (AMS), was used to measure the aerosol chemical composition at CIEMAT in
Madrid. The ACSM instrument was developed in 2010 (Ng et al., 2011) and it provides quantitative
information of the mass and the chemical composition for continuous monitoring of non-refractory
(NR) submicron organic and inorganic (sulfate (SO2−4 ), nitrate(NO
−
3 ), ammonium (NH
+
4 ) and non
sea-salt chloride (Cl−)) species that are vaporized in a few seconds at a temperature of 600 ºC in
real time. Black/elemental carbon, mineral salts, metals and other refractory particulate matter are
not measured with this instrument.
It is a compact, low-maintenance aerosol mass spectrometer designed for long-term measure-
ments of non-refractory particulate matter with vacuum aerodynamic diameters smaller than 1 µm
(NR-PM1). It permits to study the sources and evolution of the ambient organic aerosol (OA) by
means of source apportionment techniques to the organic mass spectra.
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(b)
Figure 3.2: (a) Schematic diagram of the ACSM instrument (Source: Aerodyne Research, 2011), (b) CIEMAT
ACSM instrument.
The instrument consists of a particle sampling inlet, an aerodynamic particle focusing lens,
three vacuum chambers that are differentially pumped by turbo pumps and backed by a small
diaphragm pump, and a residual gas analyzer (RGA) type quadrupole mass spectrometer. The
ACSM switches between measurements of the mass spectra of ambient aerosol particles (sample
mode), where they are unperturbed and directly sampled into the ACSM, and of filtered air (filter
mode), where ambient particles are removed from sample air (i.e. particle-free sample). Thus, the
particulate signal of the aerosol is obtained by subtracting these two measurement mode conditions.
The instrument zeroing is performed by an automated three-way valve system at the ACSM inlet
on a predefined regular basis (e.g. 1-min ambient/1-min filter). The ambient air passed through
a URG cyclone (D50 = 2.5 µm) (URG Model 2000-30ED, URG Corporation, Chapel Hill, NC,
USA) before entering into the ACSM at a flow rate of 3 L·min−1 and then the sample flow into the
instrument is approximately 0.1 L·min−1 (volumetric flow) through the aerodynamic lens (with a 50
% transmission range of 75 - 650 nm; Liu et al. (2007)), which focuses particles into a narrow beam
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and carries them in to a high vacuum detection chamber; there the NR species flash vaporize on
impact in a few seconds with a heated surface (typically at T = 600 °C). The resulting gas molecules
are ionized by the removal of a hull electron (i.e. positive charging) at impact with fast electrons
(Ekin = 70 eV) emitted by a current-carrying yttrium filament. On the one hand, electron impact is
a hard ionization technique causing fragmentation of the original molecules but on the other hand,
these fragmentation patterns are reproducible in high vacuum and well known for a wide range
of molecules, helping with the interpretation of mass spectra. The charged molecular fragments
are then transported to the quadrupole mass spectrometer by an arrangement of electrostatic lenses
(Figure 3.2a. The time resolution of the ACSM spectra is around 30 minutes. A detailed description
of the instrument can be found in Ng et al. (2011).
Figure 3.3: ACSM and EMEP stations which form part of the ACTRIS network (https://www.psi.ch/
acsm-stations/overview-year-2014).
This instrument was acquired in 2013 and set up at CIEMAT to be operational by the end of that
year. The instrument is part of the European Research Infrastructure project ACTRIS (Aerosols,
Clouds, and Trace gases Research Infrastructure Network, http://www.actris.eu/) and so all
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the measurement, maintenance and calibration protocols of this network have been adopted. In the
figure 3.3 are shown the network stations that include the ACSM instruments, where it can be seen
that only two instruments (in Barcelona and Madrid) are operating in Spain at present.
3.2.1.1 Instrument calibration
The mass concentration of the chemical species is determined from the collected aerosol mass
spectra as the sum of the ion signals of a given species at each of its mass spectral fragments and its
ionization efficiency (IE) (Canagaratna et al., 2007). Due to the slow detection electronics (Ng et al.,
2011), the relative ionization efficiency (RIE) (compared to that of nitrate) is used since calibration
of IEs for all species is not possible (Jimenez et al., 2003). The mass calibration of the ACSM is
based on determining the instrument response factor (RF) using ammonium nitrate (NH4NO3) and
ammonium sulfate ((NH4)2SO4) aerosol particles.
Mass calibration of the ACSM was performed according to the instructions of Ng et al. (2011)
and Jayne et al. (2000). The calibration set up in this study was consisted of a home-made Collison
nebulizer (May, 1973) for primary aerosol generation, a silica gel diffusion dryer, and a Scanning
Mobility Particle Sizer™ (SMPS™, Model 3936, TSI Inc.), which consists of a Differential Mobility
Analyzer (DMA, Model 3081, TSI Inc.) and a Condensation Particle Counter (CPC, Model 3775,
TSI Inc.) (Alonso-Blanco et al., 2017). The system was used to generate mono-disperse 300 nm
aerodynamic diameter (AD) (size selected by the DMA) ammonium nitrate and ammonium sulfate
aerosol particles, which are injected into both ACSM and CPC at different concentrations.
(a)
(b)
Figure 3.4: (a) Schematic diagram of the ACSM calibration system (Source: Aerodyne Research, 2011), (b)
ACSM calibration at CIEMAT site.
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The RF for the ammonium nitrate aerosol particles was calculated using a single salt solution
of ammonium nitrate. This was calculated the corresponding ammonium ionization efficiency. The
RF is applied to the raw ACSM signal to obtain quantitative information. This value is determined
from a known quantity of a known chemical species that enters into the instrument. The RIE
is a chemical dependent value that is applied to different species, and is determined both from
the single salt solutions of ammonium nitrate and ammonium sulphate. From these solutions a
RIE for ammonium and for sulphate can be calculated. An average NO−3 ionization efficiency of
3.125×10−11, as well as relative ion efficiencies (RIEs) of 4.72, 0.7 and 1.4 for ammonium, sulfate
and organic matter, respectively, were used for the whole dataset.
3.2.1.2 Data processing
According to Ng et al. (2011) and Sun et al. (2012) and regardless to get accurate mass loadings
from ACSM, it should do the time series and the relative ion transmission (RIT) corrections for
the instrument performance limitations. On the one hand, for the time series correction, the inlet
pressure and the sensitivity tracer N2 should be considered. On the other hand, the RIT correction
is based on the naphthalene fragments that are measured.
Furthermore, to obtain quantitative aerosol mass concentrations for the ACSM, a correction for
particle collection efficiency (CE) which takes into account particle losses inside the instrument
needs to be applied to the dataset.
The CE is a function of the lens system of the shape and bouncing of the aerosol particles on
the vaporizer. Typically, CE lies around 0.5 but depends strongly on several parameters, such as
the mass fraction of ammonium nitrate, particle acidity/neutralization, and water content (depends
on relative humidity at the ACSM inlet) (Matthew et al., 2008). Water content does not affect the
present study because the particles were dried (Perma Pure MD-110-48S-4 dryer). The effects of the
nitrate mass fraction and particle acidity on CE have recently been parameterized for ambient data
(Middlebrook et al., 2012). The algorithm is used as standard for the analysis of ACSM, however
there are sites where this parametrization yields incorrect CEs. It uses a threshold ratio of measured-
to-predicted NH4 to switch between two different equations to determine the CE. Nevertheless,
for the present study, this parameterization underestimates the CE, as will be demonstrated in
section 4.2 by higher CE-corrected mass concentrations for the sum of ACSM data and PM10 eBC
(measured by an Aethalometer) mass concentration compared to simultaneous PM1 measurements
by several co-located instruments (i.e. SMPS, GRIMM 1.107 and filter sampling). Here we assume
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CE = 1, which provides a lower limit for ACSM measured mass concentrations. Note that since the
CE is applied to all measured species, changes in the CE do not affect the relative intensity of m/z
within a mass spectrum.
SMPS measures the particle number size distribution via the size dependent mobility of charged
particles in an electric field. Typically, SMPS data are recorded bin-wise in dN/dlogDp bin units.
Here, dN is the particle concentration and Dp the midpoint mobility diameter of the particles in one
logarithmic size bin. At CIEMAT, continuous measurements of the submicron particle size range
from 14.6 to 661.2 nm, divided into 107 size bins. The particles are measured under dry conditions
(RH < 40 %), in accordance with the ACTRIS SMPS standards (Wiedensohler et al., 2012). After a
conversion of the number size distribution into total particle volume concentration, the aerosol total
mass concentration can be estimated by applying the estimated size dependent material density ρm
(g·cm−3) of the particles, calculated using the following equation (DeCarlo et al., 2004):
ρm =
[NO−3 ] + [S O
2−
4 ] + [NH
+
4 ] + [Cl
−] + [Organics] + [eBC]
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−], [Organics], and [eBC] are the size dependent mass concen-
tration of each species. The equation assumes that the densities of ammonium nitrate, ammonium
sulfate, and ammonium bisulfate are approximately 1.75 g·cm−3 (Lide, 1991); the density of
ammonium chloride is 1.52 g·cm−3 (Lide, 1991); the density of organics is 1.2 g·cm−3 (Cross et al.,
2007); and the density of black carbon is 1.77 g·cm−3 (Park et al., 2004).
Aethalometer, GRIMM 1.107 and ambient filter sampling details are in sections 3.2.2, 3.2.3.1
and 3.2.3.2, respectively.
3.2.1.3 ACSM intercomparison campaigns
The ACSM instrument that belongs to the CIEMAT is included in the Madrid research station
of ACTRIS. This is an European Research Infrastructure focused on measuring atmospheric
components in Europe according to normalized protocols and high-quality standards. Within
ACTRIS, in the frame of the WP21 (JRA2), there is an European network of ACSMs. An
intercomparison exercise including several ACSM instruments was proposed within ACTRIS.
These are part of the quality control assurance activities of this European infrastructure that has
been selected within the ESFRI (European Strategy Forum on Research Infrastructures) Roadmap
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2016 to become an European user-oriented infrastructure in 2020. Currently, a COST Action
(Chemical On-Line cOmpoSition and Source Apportionment of fine aerosoL, https://www.
costcolossal.eu/) is devoted to providing the necessary basis to build these long term series of
high quality data which allow to start investigating year-to-year variability and trends of chemical
composition and sources of carbonaceous matter of fine aerosol.
During 3 weeks in November and December 2013 and during 2 weeks in March 2016 were
carried out the first and the second, respectively, intercomparisons at the SIRTA (Site Instrumental
de Recherche par Télédétection Atmosphérique) station of the LSCE (Laboratoire des sciences
du climat et l’environnement) in Gifsur-Yvette, in the region of Paris (France). It now hosts
the European Aerosol Chemical Speciation Monitor Calibration Centre (ACMCC) which is part
of the ACTRIS European Center for Aerosol Calibration. CIEMAT also participated in these
intercomparisons, although the last one that took place in March 2016 is the one included in this
thesis. The objective of this project is to perform a multi-intercomparison of different ACSMs
belonging to the aforementioned European network. The main is to assess the performance and
comparability of ambient results from these ACSMs, so that the equivalence of previous and future
results obtained with different instruments can be assured. Hence a quality-controlled ACSM
European dataset can be guaranteed.
The selection of the SIRTA site was done within the ACTRIS ACSM community (JRA2)
because the following reasons. This station is big enough to host more than 10 of these instruments;
during the selected period, very different atmospheric conditions took place at this location, which
make the instruments possible to measure under several types of pollution; and the co-located
aerosol and gas phase instrumentation (e.g. an Aethalometer for source apportionment of eBC) can
provide additional data. For a complete list and description of the co-located instruments deployed
at SIRTA refer to Crenn et al. (2015) to complement and validate the measurements with the ACSM.
The station is classified as regional background, surrounded mainly by agricultural fields, forests,
small villages, and other research facilities.
A total of 15 Aerodyne mass spectrometers (thirteen Q-ACSM, one ToF-ACSM, and one
HR-ToF-AMS in 2013 and fourteen Q-ACSM and one ToF-ACSM in 2016), which were provided
by the co-authoring institutions, were installed in the intercomparison at the same laboratory in
three groups of four and a group of two/three, distributed to four separate PM2.5 inlets on the roof
of the building.
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Figure 3.5: Intercomparison of ACSM at Sirta in March 2016.
The CIEMAT instrument passed the quality standards required as part of the ACTRIS-2 network.
These requirements include:
1. The instrument performance was within ±30 % of the reference instrument. Largest discrep-
ancies were observed with the organic aerosol. Variability in the OA has been documented in
previous studies (Crenn et al., 2015; Fröhlich et al., 2015; Pieber et al., 2016), and continuing
efforts are being invested to better understand the artifacts associated with these signals.
2. That the instrument performance was within the acceptable limits evaluated using the Z-score
method (Crenn et al., 2015) by ISO 5725-2 compared with the median of all instruments.
3.2.2 Aethalometer
3.2.2.1 eBC mass concentrations
Equivalent black carbon (eBC) mass concentrations were measured using three multi-wavelength
Aethalometers (Magee Scientific Aehtalometer model AE33, Aerosol d.o.o, Slovenia), with 10
µm inlets (BGI, MiniPMr Inlet) at a flow rate of 5 Lmin−1. The new Aethalometer Model AE33
incorporates a patented DualSpot™method to compensate for the "spot loading effect" in real-time
(Drinovec et al., 2015). Data were recorded with 1 minute time-resolution. Light attenuation by
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the aerosol particles deposited on a Teflon-coated glass fiber filter tape was measured at 7 wave-
lengths (λ= 370, 470, 520, 590, 660, 880, and 950 nm). The equivalent black carbon (eBC) mass
concentration was calculated using the measurement at 950 nm wavelength with a mass absorption
cross-section (MAC) of 7.19 m2·g−1 (Drinovec et al., 2015). The Ultraviolet-absorbing PM mass
concentration was estimated at the 470 nm wavelength, with a MAC of 14.54 m2·g−1 (Drinovec
et al., 2015), which assumes the presence of organic compounds. The mass absorption coefficient
(MAC) is an external parameter needed for the conversion of the measured light absorption into
eBC mass concentration.
Figure 3.6: Multi-wavelength Aethalometer (Magee Scientific Aehtalometer model AE33, Aerosol d.o.o,
Slovenia).
The Aethalometer used at CIEMAT is part of the ACTRIS European Infrastructure Network
and regularly participates in the ACTRIS intercomparison exercises (February 2013 and September
2017). The Escuelas Aguirre instrument belongs to the Madrid City Council Air Quality Network
and is subject to its maintenance and Quality Control procedures. The Villanueva instrument is
owned by CIEMAT and is intercompared against the one operating at the CIEMAT station every
year. The slope and its standard error of the linear least square regression through the origin of these
two instruments with PM10 inlets was 0.96 ± 0.005 at 470 nm and at 950 nm, with a correlation
coefficient (R2) of 0.99 for both wavelengths. For more details see Section 3.2.2.5.
3.2.2.2 Aethalometer measurement principle
The Aethalometer was first described by Hansen et al. (1984) (Hansen et al., 1984). The name
"aethalometer" are derived from the Greek word "aethaloun" (αιθαλουν) which means "to blacken
with soot". It uses an optical technique to measure the concentration of the light-absorbing aerosol
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particles (mainly eBC) in an air stream in real time. The operating principle of the Aethalometer
is based on the measurement of the attenuation of a beam of light transmitted through a sample
collected on a fibrous filter, while the filter is continuously collecting an aerosol sample (see figure
3.7). This measurement is made at successive regular intervals of a time base period, i.e., the flow
rate is constant.
The absorption coefficient (babs) is defined by Beer-Lambert’s law:
I = I0 · e−babs·x (3.2)
where I0 is the intensity of the incoming light; and I the remaining light intensity after passing
through a medium with thickness x.
The optical attenuation, ATN, is defined as:
AT N = 100 × ln(I0/I) (3.3)
where the factor of 100 is for numerical convenience.
The new Aethalometer Model AE33 measures the light attenuation through a Teflon-coated
glass fiber filter tape matrix where the fiber filter is assumed to act as a perfect diffuse scattering
matrix in which the light-absorbing particles are embedded. Variations in incident light intensity
and drift in electronics are corrected by two detectors, which monitor the light transmission through
the filter; one measures the light transmitted through the portion of the filter on which the aerosol
deposit is collected, while the other measures the light transmitted through the original filter, or
through a blank portion of the filter.
According to the Beer-Lambert’s law (3.2), the aerosol attenuation coefficient of the filter
loaded aerosol particles bAT N can be calculated by using the change in attenuation, ΔATN, as a
function of the filter spot area, A, the volumetric flow rate, Q, and time, Δt:




The equivalent black carbon content of the aerosol deposit at each measurement time can be
determined by applying the suitable value of the specific attenuation for that singular combination
of filter and optical components. The increase in optical attenuation from one period to the next is
due to the increment of aerosol equivalent black carbon collected from the air stream during the
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period. The mean eBC concentration in the sampled air stream during the period is calculated by
dividing that increment by the volume of air sample during that time (A.D.A. Hansen et al., 2005).
The instrument has a dual light path, which means that only a small spot on the filter is exposed to
aerosol (Gelencsér, 2004).
Figure 3.7: Schematic picture of the Aethalometer. Ambient air is pumped into the instrument (A) and is
then led through the Teflon-coated glass fiber filter (D). A light source (B) emits a beam of light with one or
several wavelengths (depending on model). The initial light beam (C) has the intensity I0 and I after passing
through the filter (D). A reference beam (E) is lead directly to the photo detector (F) and thus not through
the filter. The filter is automatically switched to a new spot by rotation of the filter tape (G). (Adapted from
Martinsson (2014)).
3.2.2.3 Source apportionment using Aethalometer data: The Aethalometer model
Due to the difference in the spectral dependence in absorption between biomass burning (bb) and
fossil fuel (ff) emissions, it is possible to apportion equivalent black carbon to these two sources of
aerosol by means of the Aethalometer model (Sandradewi et al., 2008b). Assuming that only these
two sources contribute to absorption, the total absorption coefficient b(abs,total)(λ) at wavelength λ is
equal to:
babs,total(λ) = babs, f f (λ) + babs,bb(λ) (3.5)
where b(abs, f f ) (λ) and b(abs,bb) (λ) are the absorption coefficients apportioned to fossil fuel combus-
tion and biomass burning, respectively.
The relationship between aerosol composition and the wavelength dependence of the aerosol
absorption light coefficient babs can be obtained by the power law fit (Ångström, 1929):
babs ∝ λ−AAE (3.6)
where λ is the wavelength and AAE is the source specific absorption Ångström exponent (San-
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dradewi et al., 2008a). As in Sandradewi et al. (2008b), AAE has been estimated using the
absorption coefficients of a pair of wavelengths (λ1, λ2) according to the Ångström relationship
(Ångström, 1929):











where b(abs) (λ1) and b(abs) (λ2) are the absorption coefficients at λ1 and λ2, respectively.
The source apportionment of eBC from biomass burning (eBCbb) and fossil fuel (eBC f f ) may
be derived from the following equations:
babs, f f (λ1)















eBC f f =







where AAE f f and AAEbb are the absorption Ångström exponents of fossil fuel and biomass burning
of eBC, respectively
In this work, light absorption measurements at λ1 = 470 nm and λ2 = 950 nm were used
(Sandradewi et al., 2008b; Favez et al., 2010; Harrison et al., 2013) due to the fact that eBC
from fossil fuel has a weak dependence on wavelength (i.e., AAE 1), while eBC from biomass
burning features stronger absorption spectral dependence and shows enhanced absorption at shorter
wavelength (i.e., AAE > 1) (Kirchstetter et al., 2004; Russell et al., 2010). The absorption at
470 nm was used instead of the ultraviolet (UV) channel of the Aethalometer at 370 nm to
minimize the interferences introduced by types of organic compounds, based on the sensitivity
of the Aethalometer model due to different wavelength combinations carried out by Zotter et al.
(2017), where it has been obtained that using the 370 nm wavelength resulted in larger residuals,
a significant number of negative points and weaker correlations with the fossil fraction of EC
48 Chapter 3.
(ECF /EC) derived from 14C measurements. These compounds may exhibit a large UV cross-
section, highly variable at wavelengths shorter than 400 nm (Favez et al., 2009; Chen and Bond,
2010). The estimated differences between the AAE470−880nm (calculated using the 470 and 880
nm measurements) and the AAE470−950nm (calculated using the 470 and 950 measurements) values
were in the range of 4 to 8 % and the two measurements had a R2 = 0.99 in all the three sites.
Even though 880 nm is considered the standard channel for eBC measurement by Aethalometers,
the 950 nm wavelength is used in this work according to the results obtained in the sensitivity of
the Aethalometer model using different pairs of wavelength carried out by Zotter et al. (2017).
Therefore, the rest of the analysis will be based on AAE470−950nm.
Other studies (Herich et al., 2011; Fuller et al., 2014; Petit et al., 2015) have used other
combinations of wavelengths (e.g. 370 nm and 880 nm, or 470 nm and 880 nm), often because of
the constraints posed by the instrumentation used in their corresponding works. For example, the
Magee Scientific Aehtalometer models AE22 and AE42-2 measure light absorption only at 370 nm
and 880 nm.
3.2.2.4 Data processing
Flow and spot size correction and conversion of mass concentrations and absorption coefficients
to STP conditions are necessary. eBC mass concentrations from individual instruments (eBCinstr)
were corrected by:
[eBC] = [eBCinstr] × F f low × Fspot × FS T P (3.12)
In our case, F f low = 1 and Fspot = 1 since the flow was periodically corrected and the spot size was
same as expected. The adjustment of instrument flow to standard temperature and pressure (STP)
was done by:






whereas T0,instr and P0,instr are the standard temperature and pressure of individual instrument. For
ACTRIS, STP is defined to be T0 = 0 °C and P0 = 1013.25 hPa.
Conversion between eBC concentrations and absorption coefficients were done by:
babs,λ = eBCλ × σair/C0 (3.14)
with C0 = 1.63 and σair is the mass absorption cross-section (i.e. MAC).
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3.2.2.5 Aethalometer setup
The present section details about the experimental setup used for the two aethalometers (Model
AE33) intercomparison study at CIEMAT research station. Several tests were carried out to correlate
both Aethalometers. They were operated at a flow rate of 5 Lmin−1 and time resolution of 1 minute
in each test.
One of the two aethalometers participated in the ACTRIS intercomparison workshop for
absorption photometers (see section 3.2.2.6) before performing these intercomparison tests of the
two aethalometers at the CIEMAT facilities. Therefore, that aethalometer is considered as reference
(AE33 Ref.) of the two instruments and AE33 #2 is the aethalometer that measured in Villanueva
del Arzobispo.
The following table summarizes the different inlets used in the Aethalometer tests.
Test
Cut-off size of the aerosol inlet





Table 3.1: Information of the Aethalometer tests.
Aethalometer Test # 1 The first test was conducted from 19 December 2013 until 31 January
2014. The sampling air passed through a PM2.5 inlet and PM1 inlet (BGI, MiniPMr Inlet) before
entering into the two instruments.
Figure 3.8 shows the correlations between hourly averaged eBCPM1 and eBCPM2.5 at the 7-
wavelengths. The R-squared of the regression reached 0.997, which emphasizes the significance
of correlation between eBCPM1 and eBCPM2.5 at CIEMAT. The remarkable coherence between
eBCPM1 and eBCPM2.5 in Fig. 3.8 demonstrated that the proportion of eBCPM1 contained within
eBCPM2.5 was stable and higher than 90%. This result proved that ultrafine particles with diameters
less than 1 µm may be the main component of eBCPM2.5 CIEMAT urban background area.
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Figure 3.8: Correlation between eBCPM1 and eBCPM2.5 (n = 1042).
Aethalometer Test # 2 In the second test, the two aethalometers were run simultaneously from 31
January 2014 to 21 February 2014. The sampling air passed through a PM2.5 inlet (BGI, MiniPMr
Inlet) before entering into both instruments.
Figure 3.9: Correlation between eBCPM2.5 and eBCPM2.5 (n = 502).
Using hourly averaged measurements, the linear regression (Fig. 3.9) showed slopes ranged
from 0.925 ± 0.003 to 0.992 ± 0.003 and R2 of 0.996 between the eBC concentrations for the 7
wavelengths. The slopes close to unity and the high correlation indicated an outstanding agreement
for this optical eBC measurement method.
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Aethalometer Test # 3 The third test was conducted from 2 June 2014 until 18 June 2014. The
sampled inlet of PM10 (BGI, MiniPMr Inlet) was used for both instruments.
Figure 3.10 shows the slopes of the linear regressions that passes through the origin using
hourly averaged measurements, they ranged from 0.968 ± 0.004 to 0.999 ± 0.004 and R2 from
0.993 to 0.995 between the eBC concentrations for the 7 wavelengths. As in the second test, an
excellent agreement from the linear regressions was obtained for this optical eBC measurement
method.
Figure 3.10: Correlation between eBCPM10 and eBCPM10 (n = 374).
Aethalometer Test # 4 The last test was conducted from 18 June 2014 until 14 July 2014. The
sampled inlet of PM10 (BGI, MiniPMr Inlet) was used in the reference instrument and PM1 in the
other Aethalometer.
Figure 3.11 shows the correlations between eBCPM1 and eBCPM10 at the 7-wavelengths. The R-
squared of the regression reached 0.996, which emphasized the significance of correlation between
eBCPM1 and eBCPM10 at CIEMAT. The remarkable coherence between eBCPM1 and eBCPM10 in
Fig. 3.11 demonstrated the proportion of eBCPM1 contained within eBCPM10 was stable and higher
than 90%. This result proved that ultrafine particles with diameters less than 1 µm may be the main
component of eBCPM10 CIEMAT urban background area.
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Figure 3.11: Correlation between eBCPM1 and eBCPM10 (n = 625).
3.2.2.6 Aethalometer intercomparison campaigns
This section describes the experimental procedures and instrumentation performance that allowed
to obtain optimal data quality presented within this dissertation.
A set of measurements was conducted from 18 to 21 February 2013 in Leipzig as part of the
ACTRIS intercomparison workshop at TROPOS (Leibniz Institute for Tropospheric Research,
Germany) (ACTRIS, 2014). The objective of this project is to perform an multi-intercomparison of
absorption photometers against the reference instrument (a multi-angle absorption photometer) of
the World Calibration Center for Aerosol Physics (WCCAP), Leipzig, Germany.
Figure 3.12: Intercomparison of absorption photometers at TROPOS in February 2013.
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Figure 3.13: Intercomparison of Aethalometers before inspection. BC from Aethalometers at 880 nm versus
BC from MAAP at 670 nm are plotted.
Several types of absorption photometers were compared. Three Aethalometers model AE33,
one AE22, eight Aethalometers AE31, eight PSAP, and various MAAP (Multiangle Absorption
Photometer, model 5012, Thermo Scientific) were connected to a common PM10 inlet. A silica-gel
diffusion drier was used to dry the aerosol. During the campaign the sky was covered with clouds,
high wind speeds and temperatures slightly below zero were recorded (ACTRIS, 2014). Since there
were many different types of instruments, they were divided into subgroups. Each experiment for a
subset of absorption photometers was done together with a "reference set", a MAAP. Two reference
sets were available and were compared before the workshop.
In Figure 3.13, the correlation between BC mass concentrations from Aethalometes at a
wavelength of 880 nm and BC mass concentrations from MAAP at 670 nm are shown. Relative
sensitivities before and after inspection can vary, defining the relative sensitivity as the value of the
each instrument compared to the average of all instruments in the subgroup. It is deduced from the
linear regression of a scatter plot and is given as the percentage deviation compared to the reference
set. The variation in relative sensitivities could be attributed to possible changes in ambient aerosols
between the two runs. For AE33, the average sensitivity did not show as many fluctuations as
in the case of AE31. With respect to CIEMAT AE33, average relative sensitivity values of 10 %
and 11.5 % were obtained befor and after, respectively. During the calibration experiments, a low
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sensitivity to changes in the type of aerosol was detected for AE33, particularly the particle number
size distribution of the absorption fraction.
A variability (all runs, all sets) around 10 % was found when comparing AE33 with MAAP.
Since MAAP is not reference instrument for absolute values, further experiments are needed. The
next participation in this intercomparison of the aethalometer that belongs to CIEMAT Research
Center will be in September 2017.
3.2.3 Measurements of particle mass concentration
3.2.3.1 Real-time particle mass concentrations
Hourly average PM10, PM2.5 and PM1 mass concentrations were obtained at CIEMAT from
an optical particle counter monitor (Model GRIMM 1.107, GRIMM Technologies, Inc.). In
Escuelas Aguirre, PM10 and PM2.5 concentrations were provided by a Tapered Element Oscillating
Microbalance (Model 1405-DF TEOM™, Thermo Scientific™). Finally, in Villanueva, PM10
concentrations were obtained with a Beta Continuous Ambient Particulate Monitor (Eberline
FH 62 I-R, Thermo Eberline). PM measurements of the three instruments were normalized
against gravimetric methods through the gravimetric measurements of filter samples collected
simultaneously with the aforementioned real-time PM instruments.
In accordance with that which is established in Royal Decree 102/2011, of 28 January, on
improving the quality of air, Ciemat performed intercomparison campaigns of the GRIMM 1.107
with respect to the reference method, obtaining a correction factor of 0.73 for PM10, 0.86 for PM2.5
and 0.82 for PM1. The Institute of Health Carlos III of Madrid (ISCIII) carried out intercomparison
campaigns of the automatic PM10 equipment of the Madrid City Council network with respect
to the reference method during 2012, obtaining a correction factor of 0.85 for winter and 1.29
for summer. These factors were applied to validated data for the year 2014 and 2015 to obtain
results equivalent to those obtained with the reference method. For spring and autumn periods, the
arithmetic mean of winter and summer factors were applied (Madrid City Council, 2015b, 2016).
The Regional Government of Andalusia (Junta de Andalucía) also conducted intercomparison
campaigns of the automatic PM10 equipment of the Air Quality Monitoring Network with respect
to the reference method, obtaining a correction factor of 1.23 for 2014 and 1.16 for 2015 (Junta de
Andalucía, 2014, 2015).
The GRIMM model 1.107 monitor was designed to measure particle size distribution and
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particulate mass based on a light scattering measurement of individual particles in the sampled
air. The sampled particles are measured by the physical principle of light scattering, as shown
schematically in Figure 3.14. Each single particle is illuminated by a defined laser light and each
scattering signal is detected at an angle of 90° by a photo diode. In accordance with the Mie theory
each measured pulse height is directly proportional to the particle size, so each pulse is classified in
an electronic register of 32 different size channels (Grimm and Eatough, 2009).
(a)
(b)
Figure 3.14: (a) GRIMM1.107 at CIEMAT, (b) measurement principle of the aerosol spectrometer (Source:
Grimm and Eatough (2009)).
The Thermo Scientific™ TEOM 1405-DF is a continuous dichotomous ambient air monitor
composed of two Filter Dynamics Measurements Systems (FDMS) and two TEOM mass sensors
housed in a single-cabinet, network-ready configuration that includes control system with touch-
screen user interface. The ambient particulate monitor simultaneously measures PM10, PM2.5





Figure 3.15: (a) TEOM™1405-DF instrument configuration (source:Clements et al. (2013)), (b)
TEOM™1405-DF at Escuelas Aguirre.
The Beta Continuous Ambient Particulate Monitor (Eberline FH 62 I-R, Thermo Eberline) is
a radiometric instrument which measures accumulated particle mass simultaneously during the
collection of the dust. This instrument utilizes the radiometric principle of beta - attenuation by a
two - beam - compensation method.
(a) (b)
Figure 3.16: (a) Eberline FH 62 I-R, (b) principle of the Particulate Monitoring Instrument FH 62 I-R
(Source: Thermo ESM Andersen).
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3.2.3.2 Oﬄine particle mass concentration and chemical analyses
PM1 filter samples were collected at CIEMAT and PM2.5 and PM10 filter samples were collected
at CIEMAT and in Villanueva, whereas sample filters measurements at Escuelas Aguirre were
not available. Ambient aerosol samples were collected on quartz-fiber filters for 24-h using high-
volume (30 m3·h−1). PM1 samplers (model MCV CAV-A/mb) and PM2.5 and PM10 samplers
(model MCV CAV-A/M) were used with DIGITEL inlets (model DHA-80). Before being used, the
filters were precleaned by heating in a temperature-programmable oven at 450ºC for 24 hours to
eliminate volatile impurities. After that, filters were conditioned in a climate controlled chamber
with temperature of 20ºC and relative humidity of 50% for 24 hours. Then, filters were weighed
two times on two consecutive days in the same climate controlled chamber following the standard
procedures (UNE-EN 12341:1999; UNE-EN 14907:2006). After sampling, filters were conditioned
once again during 24 hours, and then they were weighed two times on two consecutive days under
the same conditions mentioned above. The PM mass concentration by the gravimetric method was
determined from the increase in filter mass and the volume of air sampled. Once the weights of
samples were determined, filters were destined to several analytical treatments. CIEMAT filters
were weighed in the laboratory located in that station, however the responsible for performing the
gravimetry of the Villanueva filters was the Carlos III Health Institute (ISCIII).
Figure 3.17: High-volume air samplers at CIEMAT.
58 Chapter 3.
21 filter samples in each fraction (PM1, PM2.5 and PM10) were collected from November 2014
to September 2015 at CIEMAT and 130 filter samples in each fraction (PM2.5 and PM10) every 3
days from June 2014 to June 2015 at Villanueva.
Figure 3.18: Schematic of the chemical analysis applied to the filters at CIEMAT.
Figure 3.19: Schematic of the chemical analysis applied to the filters at Villanueva.
Once PM mass concentration was determined, different filter portions were subjected to distinct
analysis processes to determine the chemical composition of the sample.
A portion of 1.5 cm2 of each filter was used for the elemental analysis of organic and elemental
carbon (OC and EC) (Figs. 3.18 and 3.19). OC and EC concentrations were determined by a
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Thermal-Optical Transmittance (TOT) method (Pio et al., 1994; Birch and Cary, 1996; Sánchez
de la Campa et al., 2009), adapted from Huntzicker et al. (1982) using a Sunset Laboratory OCEC
Analyzer and the EUSAAR2 temperature protocol (Cavalli et al., 2010). CIEMAT filters were
analyzed in the laboratory of the Chemical Analysis Unit at the Center for Research in Sustainable
Chemistry (CIQSO) located at the University of Huelva (UHU). However, Villanueva filters were
analyzed in the Environmental Geochemistry and Atmospheric Research (EGAR) laboratories
at IDAEA-CSIC (Institute of Environmental Assessment and Water Research - Spanish National
Research Council) in Barcelona.
A quarter of each filter of Villanueva was acid digested using a mix of HF:HNO3 (2.5:1.25
ml), the solution was kept in a Teflon reactor at 90ºC for at least 6 hours, and after cooling 2.5
ml of HClO4 were added. The acid solution was brought to evaporation and the dry resudial was
redissolved with HNO3 and diluted with Milli-Q water for the determination of major and trace
elements by inductively coupled plasma atomic emission spectrometry (ICP-AES) and inductively
coupled plasma mass spectrometry (ICP-MS) analysis, respectively. This method has been validated
and used in many studies. Details of the analytical procedure are given by Querol et al. (2001).
They were analyzed in the EGAR laboratories at IDAEA-CSIC in Barcelona.
Some studies have found that water soluble potassium (K+) can be used as a tracer for biomass
burning sources (Andreae, 1983; Echalar et al., 1995; Andreae et al., 1998). Total potassium (K)
is emitted from biomass burning and as a component of dust emissions (Pio et al., 2008; Viana
et al., 2008). In this study, total potassium was analyzed by Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES), therefore, the biomass burning contribution (Kbb) has been
estimated by subtracting the potassium of mineral origin obtained indirectly from aluminum oxide
from this total potassium (Moreno et al., 2006; Alastuey et al., 2016).
As the total aerosol mass could include inorganic salts, anion species (SO2−4 , Cl
−, NO−3 , and
NO−2 ) were analyzed by ion chromatography (IC) after lixiviation of a quarter of each filter of
CIEMAT with deionized water. The determination of cations (NH+4 , Na
+, K+, Ca2+, and Mg2+)
was also performed by IC. More details in Sánchez Sánchez et al. (1999) and Vivanco et al. (2011).
They were analyzed in the laboratory of Ion Chromatography of the Environment Department at
CIEMAT.
The analysis of the secondary water-soluble inorganic ions in Villanueva was carried out by
high-performance liquid chromatography (HPLC) to determine the content of SO2−4 , Cl
− and NO−3 ,
and with a selective electrode to obtain NH+4 concentrations. They were analyzed in the EGAR
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laboratories at IDAEA-CSIC in Barcelona.
In order to analyze organic composition, another one-fourth of each filter from both sites was
extracted with a mix of dichloromethane/methanol solvents in an ultrasonic bath, extracts were
purified via sequential elution through a glass column packed with 1.5 g of silica gel using solvents
of increasing polarity. Four fractions were eluted to provide a separate chromatographic analyses;
alkanes, alcohols and acids were subject to gas chromatographic–mass spectrometric (GC–MS)
analysis, performing a derivatization with N,O–bis–(thrimethylsilyl)–trifluoracetamide (BSTFA)
for polar compounds, meanwhile PAHs were submitted to high performance liquid chromatography
(HPLC) with fluorescence detector. Levoglucosan, mannosan and galactosan concentrations were
quantified using the analytical method described by Alier et al. (2013). Filters were ultrasonically
extracted with dichlomoethane:methanol (2:1) by triplicate. Sedoheptulosan was used as surrogate
standard. An aliquot of concentrated extract was derivatized with BSTFA/TMCS (99:1), using
pyridine as catalyst and palmitic acid-D31 as internal standard, maintaining the mixture in an oven
at 70 ºC for one hour. Trimethylsilyl derivatives of anhydrosugars were analyzed by GC/MS. These
compounds are derivatives of glucose, mannose, and galactose, respectively and are used as tracers
for biomass burning (Simoneit et al., 1999; Simoneit, 2002; Alves, 2008; Krˇu˚mal et al., 2012; Cong
et al., 2015), as they are major components of biomass burning organic aerosol (Simoneit et al.,
1999; Graham et al., 2002). Levoglucosan is produced during the pyrolysis of cellulose (Nolte
et al., 2001; Simoneit, 2002; Krˇu˚mal et al., 2012), while its isomers mannosan and galactosan are
produced from hemicellulose (Nolte et al., 2001). They were analyzed in the laboratory of Gas
Chromatography of the Chemistry Division, Technology Department at CIEMAT.
Blank filters were analyzed following the same procedures than the samples. Blank filter con-
centrations were subtracted from the samples concentrations to determine ambient concentrations.
3.2.4 Meteorological variables
Meteorological information was obtained at CIEMAT from a fully equipped meteorological tower
that measures wind direction (degrees) and wind speed (m·s−1) at 52 m AGL, precipitation (mm)
and solar radiation (W·m−2) at 31 m AGL, atmospheric temperature (ºC) and relative humidity (%)
at 4 m AGL, and pressure (hPa) at ground level. Data are recorded every 10 minutes. In the case
of Escuelas Aguirre, the meteorological information was provided by the State Meteorological
Agency of Spain (AEMET) from the standard station located in El Retiro (the urban park South
of the Escuelas Aguirre station). Wind direction (degrees) and wind speed (km·h−1), precipitation
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(mm), atmospheric temperature (ºC), relative humidity (%), and pressure (hPa) are measured every
10 minutes. Meteorological information in Villanueva was provided by the Regional Government
of Andalusia (Junta de Andalucía) and AEMET. Due to a detected fault in the main station’s wind
direction and wind speed sensor configuration, these data are not available since March 2014 until
the first week of September 2015. For this reason, wind direction and wind speed data recorded
every 10 minutes in the automatic weather station (38º10’30"N, 02º59’53"W, 680 m ASL) which
belongs to the network of AEMET located in Villanueva del Arzobispo between December 2014
and September 8, 2015 were used. From September 9, 2015 wind direction and wind speed data
registered in the main station were used. Wind direction (degrees) and speed (km·h−1), precipitation
(dl·m−2), atmospheric temperature (ºC), and relative humidity (%) are measured at 4 m AGL in this
station every 10 minutes.
Figure 3.20: Meteorological tower at CIEMAT.
Wind, speed and direction, is one of the major responsible for the dispersion of pollutants at
mesoscale and large-scale, therefore its knowledge is considered a key parameter for understanding
measured levels of concentration and it can even provide a more insight on the potential sources.
For this reason, a study of the registered wind data was carried out at the meteorological stations of
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CIEMAT, El Retiro - Escuelas Aguirre (EA) and Villanueva del Arzobispo (VA). Wind roses were
plotted during the period considered for each season and they show the most frequent predominant
directions and wind speeds. From figure 3.21, it can be drawn the following characteristics of the
wind field in the CIEMAT area. The prevailing wind directions using a 16-sector wind rose for
each season were southwest (SW) in winter 2013 - 2014; northeast (NE) in spring 2014, autumn
2014, winter 2014 - 2015, spring 2015, and autumn 2015; west-southwest (WSW) in summer 2014,
and southwest (SW) in summer 2015.
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Figure 3.21: Seasonal wind roses at CIEMAT. Data recorded every 10 minutes.
The following characteristics of the wind field in the Escuelas Aguirre - Retiro park area can
be deduced from figure 3.22. The prevailing wind direction using a 16-sector wind rose for each
season were northeast (NE) in winter 2014 - 2015, spring 2015, summer 2015, and autumn 2015.
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Figure 3.22: Seasonal wind roses at Escuelas Aguirre (Retiro park). Data recorded every hour.
As previously mentioned wind direction and wind speed data in Villanueva del Arzobispo were
provided by the Regional Government of Andalusia (Junta de Andalucía) and AEMET. To repre-
sent the wind roses, wind data from AEMET were used between winter 2014-2015 and summer
2015, and data from the Regional Government of Andalusia for autumn 2015. Wind speed data
registered in the meteorological station of the Regional Government of Andalusia were corrected
by comparing wind speed data from AEMET and the Regional Government of Andalusia, since the
latter values were inconsistent. From figure 3.22, it can be inferred the following characteristics of
the wind field in the Villanueva del Arzobispo area. The prevailing wind direction using a 16-sector
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wind rose for each season were south (S) in winter 2014 - 2015, spring 2015, summer 2015, and
autumn 2015.
Figure 3.23: Seasonal wind roses at Villanueva del Arzobispo. Data recorded every 10 minutes.
It can be observed that the wind speeds at both El Retiro and Villanueva del Arzobispo
measurement stations are very low. These values were verified by the technicians and therefore the
wind data are valid.
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3.2.5 Data availability
Detailed sampling schedules of CIEMAT, Escuelas Aguirre and Villanueva del Arzobispo measure-
ments are shown in Figures 3.24 - 3.26.
Data losses were due to technical problems, the maintenance of instruments or the instruments
were moved outside the measurement stations.
CIEMAT
Figure 3.24: Data availability of measurements of aerosol properties at CIEMAT station during the study.
The meteorological database covers the entire period of study. No data are available when the
calibration of the measuring instrument of the different meteorological variables were carried out.
These calibrations are executed throughout the year, one in June and other in December, with a
duration of less than two days.
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Escuelas Aguirre
Figure 3.25: Data availability of measurements of aerosol properties at Escuelas Aguirre station during the
study.
Villanueva del Arzobispo
Figure 3.26: Data availability of measurements of aerosol properties at Villanueva station during the study.
As it was previously mentioned, it should be noted that due to a detected failure in the main station’s
wind direction and wind speed sensor configuration, these data are not available since March 2014
until the first week of September 2015. During this period, wind direction and wind speed of
the automatic weather station which belongs to the network of AEMET located in Villanueva del
Arzobispo were used.
3.3 Characterization of atmospheric scenarios
The procedure for the characterization of the different episodes in this study consisted of an analysis
of the information provided by different sources and the analysis of meteorological charts, air
mass back-trajectories using the NOAA HYSPLIT4 model, the planetary boundary layer height,
and aerosol mass concentrations in the ambient air from rural and urban background and the
measurement site stations.
3.3.1 Synoptic analysis
Local and synoptic scale meteorological data were analyzed to characterize the different atmospheric
scenarios and distinguish between local and transported eBC, non-refractory organic and inorganic
species. Surface pressure analysis charts show the surface pressure pattern using Mean Sea Level
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Pressure (MSLP) and indicate areas of high and low pressure along with their central pressure value.
High pressure is usually associated with stable weather while low pressure is normally associated
with unstable weather. The analysis of these synoptic charts allowed us to obtain a basic idea about
the stability of the atmosphere and the prevailing wind directions.
3.3.2 Back-trajectory analysis
Three-day (72 hours) air mass back-trajectories ending at 12:00 UTC for 3 different arrival altitudes
(750 m, 1500 m, and 3000 m above ground level) were calculated by means of the NOAA
HYSPLIT4 model. The HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory)
model is a system for computing simple air parcel trajectories to complex dispersion and deposition
simulations (Draxler and Hess, 1997, 1998; Draxler, 1999; Stein et al., 2015; Rolph, 2017).
Meteorological data correspond to GDAS (Global Data Assimilation System) global reanalysis
provided by NCEP (National Center for Environmental Prediction). This model has been previously
used to estimate the origin of air masses over the Iberian Peninsula in a number of works (Artíñano
et al., 2001; Salvador et al., 2004; Escudero et al., 2006; Coz, 2008; Revuelta et al., 2012a; Ripoll
et al., 2014; Fernández, 2016).
Figure 3.27: Air mass origin sectors map according to their predominant transport direction.
These air masses were classified during the entire experimental period according to their
predominant transport direction as follows: Atlantic North (AN), Atlantic North West (ANW),
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Atlantic West (AW), Atlantic South West (ASW), North African (NAF), Mediterranean (MED),
European (EUR), and Regional (REG) (see Fig. 3.27).
3.3.3 Planetary boundary layer height
The boundary layer is defined as the part of the troposphere that is directly influenced by the
presence of the Earth’s surface, and responds to surface forcings with a timescale abou an hour or
less (Stull, 1988) (see Fig. 3.28).
The planetary boundary layer (PBL) height was calculated using the meteorological global
data assimilation system (GDAS0P5) model with 0.5 degrees in spatial resolution and 3 hours for
temporal resolution for the NOAA Air Resources Laboratory (http://www.ready.noaa.gov/
READYamet.php), based on stability time-series information. These calculations use the same
equations as the NOAA HYSPLIT transport and dispersion model. The limitations of PBL height
estimate with this model needs to be considered when assessing its values. The model gives only
the PBL height every three hours and we assumed that it does not change during the next three
hours after the datapoint, note that the model does not provide data at 21:00 UTC.
Figure 3.28: Typical evolution of the boundary layer height under a high-pressure system (Stull, 1988).

Chapter4
Chemical characterization of submicron
urban background aerosols in Madrid
4.1 Introduction
A study of PM10 and PM2.5 mass concentrations with high volume samplers and cut-off inlets and
then chemically composition analyzed in Madrid during the 1999-2008 period was performed by
Salvador et al. (2012). It showed that PM mean levels in the city are within average ranges of PM10
and PM2.5 mass concentrations obtained in different locations in Spain and also in many European
sites. The sum of the secondary inorganic aerosols (SIA), defined as SO42− + NO3− + NH4+, were
found to be the third principal component in PM10 (16 – 60 %) and the second one in PM2.5 (19 –
26 %), after OM and EC, at urban and urban background stations. If each component is studied
individually, different behaviors can be seen. NO3− contributions reached 2.0 - 2.4 µg·m−3 in PM10
and 1.3 - 1.5 µg·m−3 in PM2.5 at the different measurement sites. In contrast, important differences
in SO42− mass concentrations were found in both PM fractions, with mean concentration higher at
the urban site from 1999 to 2000. No statistically significant differences in NH4+ concentrations
were found in PM2.5 among the sites. No meaningful variations were observed in the total SIA in
PM10 between two of the campaigns that were carried out. On the contrary, total SIA in PM2.5
decreased by 18 %. SO42− concentrations in PM10 diminished by 29 % from the beginning to the
end of the study period. On the other hand, NO3− and NH4+ concentrations increased by 17 % and
31 %, respectively, in the same period. In the PM2.5 fraction, the same behavior was observed, i.e. a
remarkable reduction in the concentration of SO42− (38 %) and an increase, lower than in PM10, in
71
72 Chapter 4.
the concentration of NO3− (12 %) and NH4+ (5 %). Moreover, Artíñano et al. (2003) investigated
the anthropogenic and natural influence on the PM10 and PM2.5 aerosol in Madrid, Spain. These
authors studied the PM10 and PM2.5 concentration levels and chemical composition at an urban site
in the city. The major component of the PM10 and PM2.5 fractions obtained in the aforementioned
work was non-mineral carbon produced by combustion processes, with a relevant contribution of
crustal in summer. The second major source in PM2.5 was the production of secondary particles.
In winter pollution episodes, secondary aerosols together with non-mineral carbon comprised
more than 80 % of PM2.5 and more than 70 % of PM10. In Madrid, sources of PM10 was also
identified and characterized by Salvador et al. (2004). The comparison between the PM10 and
PM2.5 chemical composition in several cities in southern Europe with those obtained in central and
northern European areas was done by Querol et al. (2004b).
The low time-resolution (usually 24 hours) of the data from the studies mentioned above makes
it more difficult to study the formation processes from their temporal evolution.
However, there are more recent studies in Madrid where SIA together with organic carbon
(OC) and elemental carbon (EC) were studied with instrumentation which allowed continuous high
time-resolution monitoring. Gómez-Moreno et al. (2007) studied the PM2.5 nitrate during one year
in a suburban site of the city using a semi-continuous analyzer. Two different types of significant
nitrate increase were found, that corresponded to daytime and nighttime under low dispersion
conditions. A study of sulfate and nitrate at urban and rural sites in Spain and UK was carried out
by Revuelta et al. (2012a). Furthemore, Plaza et al. (2011a) and Plaza et al. (2011b) studied the
OC and EC and the mass size distributions of soluble sulfate, nitrate and ammonium in the Madrid
urban aerosol.
In this chapter real-time measurements of inorganic (sulfate, nitrate, ammonium and chloride)
and organic non-refractory submicron aerosols (particles with an aerodynamic diameter of less
than 1 µm, NR-PM1) for the period from December 22, 2013 to March 04, 2015 were conducted at
the CIEMAT urban background research station. An aerosol chemical speciation monitor (ACSM)
was co-located with other online and oﬄine measurements. Analyses of the hourly, diurnal, and
seasonal variations and significant events are presented here, for the first time, for this region.
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4.2 Comparison of ACSM data with other measurements
Most studies found in the literature when comparing NR-PM1 ACSM data with off-line measure-
ments are based on the PM2.5 fraction (Crenn et al., 2015; Petit et al., 2015; Bressi et al., 2016), but
only a few studies correlate ACSM data with off-line PM1 measurements (Minguillón et al., 2015;
Ripoll et al., 2015). In this study PM1 measurements are used, thus removing the PM2.5 fraction of
the coarse mode particles and consequently being closer to the size range measured by the ACSM
(75 - 650 nm).
As described in section 3.2.1.2, the sum of ACSM data and PM10 eBC mass concentration
were compared to several co-located measurements in order to determine the collection efficiency
(CE) parameter of the ACSM. In this case, PM10 eBC can be added to the NR-PM1 ACSM data
because, as proved in section 3.2.2.5, ultrafine particles with diameters less than 1 µm may be the
main component of PM10 eBC fraction CIEMAT urban background area.
The independent PM1 measurements were obtained directly (GRIMM 1.107) and indirectly
from number size distribution (SMPS) and high-volume air filter samples. All data were averaged
with a 30 min time resolution for PM1 intercomparison and with a 24-h time resolution for off-line
(filter sampling) chemical constituent intercomparison.
Figure 4.1: Scatter plot of ACSM components plus eBC mass concentrations vs. PM1 from SMPS, coloured
according to the sampling time (dd/mm/yyyy). Data points are average according to ACSM time resolution.
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On one hand, the sum of the NR-PM1 chemical species mass concentrations and the PM10
eBC mass concentrations (organics + sulfate + nitrate + ammonium + chloride + eBC), using
ACSM measurements for the chemical species and Aethalometer data for eBC (Model AE33) was
compared to the submicron mass concentration derived from SMPS data (see 3.1. For the whole
period, it showed strong correlation (R2 = 0.97) and a slope very close to unity (0.955 ± 0.002)
(Fig. 4.1). For that analysis, periods with high concentrations of refractory particles (e.g. Saharan
dust events) were excluded from the correlation.
Figure 4.2: Scatter plots of ACSM components plus eBC mass concentrations vs. PM1 from SMPS by season,
coloured according to the sampling time (dd/mm/yyyy). Data points are average according to ACSM time
resolution.
During each season, it also showed high correlation (R2 = 0.97 in winter 2013 - 2014 and
autumn 2014, R2 = 0.95 in spring 2014 and R2 = 0.96 in winter 2014 - 2015) and slopes around the
1:1 line (0.941 ± 0.003 in winter 2013 - 2014, 0.91 ± 0.01 in spring 2014, 0.938 ± 0.005 in autumn
2014, and 1.03 ± 0.01 in winter 2014 - 2015) (Fig. 4.2). SMPS data during summer were not
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available. For that analysis, periods with high concentrations of refractory particles (e.g. Saharan
dust events) were also excluded from the correlation.
On the other hand, the sum of the ACSM chemical species mass concentrations and the PM10
eBC mass concentrations measured by the Aethalometer (Model AE33) was also compared with
PM1 mass concentrations determined by the optical particle counter (Grimm 1.107), resulting
in a strong correlation (R2 = 0.66) and a slope very close to unity (1.11 ± 0.01) (Fig. 4.3). For
that analysis, periods with high concentrations of refractory particles were also remove from the
correlation.
Figure 4.3: Scatter plot of ACSM components plus eBC mass concentrations vs. PM1 from Grimm 1.107,
coloured according to the sampling time (dd/mm/yyyy). Data points are average according to ACSM time
resolution.
During each season, it also showed high correlation (R2 = 0.65 in winter 2013 - 2014, R2 =
0.61 in spring 2014, R2 = 0.59 in summer 2014, R2 = 0.56 in autumn 2014, and R2 = 0.74 in winter
2014 - 2015) and slopes around the 1:1 line (1.07 ± 0.02 in winter 2013 - 2014, 1.58 ± 0.03 in
spring 2014, 1.03 ± 0.01 in summer 2014, 1.12 ± 0.02 in autumn 2014, and 1.02 ± 0.02 in winter
2014 - 2015) (Fig. 4.4). For that analysis, periods with high concentrations of refractory particles
(e.g. Saharan dust events) were also excluded from the correlation.
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Figure 4.4: Scatter plots of ACSM components plus eBC mass concentrations vs. PM1 from Grimm 1.107 by
season, coloured according to the sampling time (dd/mm/yyyy). Data points are average according to ACSM
time resolution.
The differences in particle size range measured by different instruments need to be considered
when assessing these comparisons.
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Finally, mass concentrations of ACSM species were daily averaged and compared with off-line
measurements from 24 hours PM1 sample filters (Fig. 4.5). All the species, except for chloride
(not shown in Fig. 4.5), showed strong correlations (R2 of 0.99, 0.98 and 0.94 for ammonium,
nitrate, and sulfate, respectively). Chloride concentrations were below or close to detection limits
for both ACSM and off-line analysis, which may be the cause for the discrepancies found. Such
discrepancies were also found in other studies (Budisulistiorini et al., 2014; Minguillón et al., 2015).
Different slopes (ACSM vs. off-line measurements) were found for each of the species: 1.41 ± 0.17
for sulfate (SO4), 1.21 ± 0.08 for nitrate (NO3) and 1.05 ± 0.04 for ammonium (NH4).
Figure 4.5: Scatter plot of mass concentrations of ACSM species vs. 24 hour filter sample mass concentra-
tions.
ACSM ammonium is consistent with filter measurements, the slope of the linear regression
being close to 1 (R2 = 0.99, n = 6). Higher discrepancies are observed for nitrate and sulfate, whose
slopes differ more than 20 % from unity. The relatively higher slope for sulfate, with respect to
nitrate, could be attributed to a sampling artifact due to the volatilization of particulate nitrate from
the off-line filter samples and chemical reactions (Schaap et al., 2004).
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For organic aerosol, a strong correlation was found (R2 = 0.99), and the slope obtained (2.37
± 0.12) may be interpreted as the ratio between organic matter (OM) and OC (OM-to-OC ratio),
since the ACSM measures OA and the off-line measurements determined OC. As concluded from
an intercomparison of 13 ACSMs (Fröhlich et al., 2015), the OM-to-OC ratio cannot be determined
for ACSM based on f44 following Aiken et al. (2008). The value obtained here is higher than the
value recommended for urban areas (1.6 ± 0.2, Turpin and Lim (2001)) and values used in the Paris
metropolitan area (∼ 2 in Bressi et al. (2013); 1.6 in Sciare et al. (2010)). Values of 2.2 are common
for aged aerosol (e.g., Aiken et al. (2008); Minguillón et al. (2011)). Although this ratio should be
carefully evaluated, as a result of potential geographical and temporal discrepancies.
The collection efficiency CE = 1 was applied to the data of this study. This expectation was
confirmed by a correlation of the total mass concentration measured with the ACSM plus equivalent
black carbon (eBC) from optical absorption measurements with the total mass estimated from
a scanning mobility particle sizer (SMPS) and from the optical particle counter (Grimm 1.107),
which resulted in distributions around the 1:1 line during all seasons (see Figs. 4.2 and 4.4). In this
study, however, one should be careful when comparing the linear regression slopes and correlation
coefficients between ACSM chemical species and off-line measurements. The number of filter
samples is very small (n = 6) may be statistically biased. Therefore, further analyses of filters are
necessary in order to draw robust conclusion.
4.3 Time series and chemical composition of submicron aerosol: sea-
sonal variations and significant events
Particulate ammonium, nitrate, sulfate, chloride, and organic mass concentration were measured by
the ACSM. Table 4.1 contains the mean values (± SD) of NR-PM1 ACSM data along with PM10
equivalent black carbon (eBC) measured by Aethalometer AE33 over the whole-time period and
for each season. The average concentration (± SD) of the sum of the ACSM chemical species
during the study period was 5.1 ± 4.6 µg·m−3 varying from 0 µg·m−3 to 46.9 µg·m−3. The highest
concentrations were measured during autumn 2014 ranged from 0.3 µg·m−3 to 41.5 µg·m−3 (average
6.0 ± 4.8 µg·m−3) and winter 2014 - 2015 varied from 0 µg·m−3 to 46.9 µg·m−3 (average 7.5 ± 7.3
µg·m−3), while winter 2013 - 2014 exhibit the lowest pollution levels ranged from 0 µg·m−3 to 30.4
µg·m−3 (average 2.8 ± 3.6 µg·m−3). In spring 2014 total NR-PM1 varied from 0.4 µg·m−3 to 21.5
µg·m−3 with an average loading of 4.2 ± 2.3 µg·m−3. In summer 2014 ACSM data ranged from 0.7
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µg·m−3 to 16.5 µg·m−3 with an average value of 5.2 ± 2.6 µg·m−3.
Similarly to Petit et al. (2015), a seasonal pattern is observed here, with the highest concentra-
tions observed during autumn, while summer periods exhibit the lowest pollution levels, which is
also consistent with general patterns observed in other European sites (Barmpadimos et al., 2012;














Total Period 3.2 ± 2.8 0.7 ± 0.7 0.8 ± 1.5 0.4 ± 0.5 1.8 ± 2.5 5.1 ± 4.6
Winter 2013 - 2014 1.7 ± 2.0 0.2 ± 0.3 0.6 ± 1.1 0.3 ± 0.5 1.9 ± 2.6 2.8 ± 3.6
Spring 2014 2.7 ± 1.7 0.8 ± 0.5 0.3 ± 0.3 0.4 ± 0.2 1.2 ± 1.6 4.2 ± 2.3
Summer 2014 3.8 ± 2.1 0.8 ± 0.5 0.3 ± 0.2 0.3 ± 0.2 1.1 ± 1.1 5.2 ± 2.6
Autumn 2014 3.3 ± 2.8 0.9 ± 1.1 1.1 ± 1.7 0.6 ± 0.6 3.4 ± 3.9 6.0 ± 4.8
Winter 2014 - 2015 4.3 ± 4.1 0.5 ± 0.5 2.0 ± 2.5 0.7 ± 0.8 2.3 ± 2.7 7.5 ± 7.3
Table 4.1: NR-PM1 ACSM and PM10 eBC absolute average concentrations (± SD) for the whole period of
the study and each season at CIEMAT. (Total Period: 22 December 2013 – 20 March 2015. Winter 2013 -
2014: 22 December 2013 – 20 March 2014. Spring 2014:211 March 2014 – 21 June 2014. Summer 2014:
22 June 2014 – 22 September 2014. Autumn 2014: 23 September 2014 – 21 December 2014. Winter 2014 -
2015: 22 December 2014 – 20 March 2015).
The average concentration of the organic fraction was higher in winter 2014 - 2015, due to
pollution episodes, than in the other seasons that were studied. In autumn and summer, the average
concentrations of OA were lower than the forementioned winter because of the volatility of some
organic aerosol species, biogenic, among others of some chemical species. The SO4 fraction was
very low in general, the average concentrations of the seasonal measurements were lower than
1 µg·m−3, and were hardly any variations, although they were higher in spring and autumn, this
coincides with the results obtained in Revuelta (2012) and Plaza et al. (2011b). Nitrate logically was
higher in autumn and winter 2014 - 2015 due to the volatility of ammonium nitrate and temperature
dependence (Plaza et al., 2011b). Ammonium was more linked to variations of nitrate than sulfate.
Finally, eBC was higher in autumn with minimum values in summer.
Overall, non-refractory species account for almost 80 % of PM1, with organics contributing
nearly 50 % of the total PM1 concentration (Fig. 4.6). Regardless of the season, organics dominate
the PM1 chemical composition, which is observed in other urban areas (Zhang et al., 2007a; Crippa
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et al., 2013, 2014; Petit et al., 2015; Budisulistiorini et al., 2016; Kumar et al., 2016).
Figure 4.6: Pie chart of the relative average concentration of the chemical species measured with the ACSM
(organic: green, sulfate: red, nitrate: blue and ammonium: orange) and the eBC concentration derived from
optical absorption measurements during the whole period.
As can be seen in figures 4.8, 4.9, 4.16, 4.18, and 4.20 in the following subsections, all aerosol
species show very dynamic variations because of changes of source emissions, meteorology, plane-
tary boundary layer (PBL) height, photochemical reactions and regional transport.
Figure 4.7: Monthly mean PBL height at CIEMAT in 2014. The solid line indicates the mean and the shaded
area represents the 95% confidence interval in mean. It was calculated using the meteorological global data
assimilation system (GDAS0P5) model described in section 3.3.3.
The seasonal variation in PM1 concentrations at CIEMAT is influenced by the evolution
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of the PBL height, as mentioned above, which is lower during wintertime and increases during
summertime, especially during the hours around noon. The monthly mean PBL height is represented
in figure 4.7, it should be taken into consideration that data have a time resolution of 3 hours and the
model does not provide values at 21:00 UTC. Changes in the origin of air masses also determined
the seasonal variation in PM1 concentrations.
4.3.1 Winter season
The bottom of Figs. 4.8 and 4.9 show the stacked time series of organics (green), nitrate (blue),
sulfate (red), ammonium (orange), and chloride (pink) measured by the ACSM and the eBC (black)
mass concentration measured by the aethalometer in winter 2013 - 2014 and winter 2014 - 2015,
respectively. The top and middle of the figures show times series of the temperature at the two
levels and precipitation (top) and the wind speed and wind direction (middle). Weekends, North
African episodes, and both situations simultaneously are highlighted in grey, light brown, and light
purple, respectively.
During the winter 2013 - 2014 low concentrations of all PM1 chemical species were recorded,
it can be explained by the high frequency of Atlantic advections and rain days. Although occasional
high concentrations were also measured, which were attributed to typical winter anticyclonic
stagnation episodes.
Figure 4.8: Time series of the temperature at the two levels (Tin f and Tsup), precipitation, wind direction (wd),
wind speed (ws). Stacked time series of NR-PM1 chemical species (organic, nitrate, sulfate, ammonium, and
chloride) and equivalent black carbon (eBC) in winter 2013 - 2014 (22 December 2013 – 20 March 2014).
Background colors correspond to weekends, North African episodes (NAF), and both situations together
(Weekend+NAF).
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Figure 4.9: Time series of the temperature at the two levels (Tin f and Tsup), precipitation, wind direction (wd),
wind speed (ws). Stacked time series of NR-PM1 chemical species (organic, nitrate, sulfate, ammonium, and
chloride) and equivalent black carbon (eBC) in winter 2014 - 2015 (22 December 2014 – 20 March 2015).
Background colors correspond to weekends, North African episodes (NAF), and both situations together
(Weekend+NAF).
On the contrary, during the winter 2014 - 2015 the synoptic situation was mainly dominated by
high-pressure/anticyclone systems, leading to low wind speed (< 2 m·s−1) and clear skies. This
situation facilitated stagnation conditions, reducing the ventilation of the atmosphere and favoring
the accumulation of air pollutants within the planetary boundary layer (PBL). Only some periods
were characterized by Atlantic advections with strong wind. Clean air masses coming from the
Atlantic renewed the polluted PBL and lowered concentrations.
The coldest temperatures during this winter occurred mostly in January and early February,
with shorter periods of cold temperatures during March (Fig. 4.9). Nitrate can be dominant when
local and regional circulations prevail in the airshed (Artíñano et al., 2003; Coz et al., 2010), mainly
under clear skies that can persist for several days or even weeks. In addition, the air masses are
enriched with this type of aerosol by resuspension processes. It would be related to photochemical
or heterogeneous formation of NO3 and condensation over existing particles as nitric acid (HNO3)
or ammonium nitrate (NH4NO3). It is evident that all the high nitrate episodes here were related
to the transport of NOx and NH3 combined with low temperatures and/or high relative humidity
(RH). At warmer temperatures, nitrate quickly partitions back to the gas phase, decreasing nitrate
concentrations (Dawson et al., 2007).
In Figs. 4.10 and 4.11, the statistics for winter 2013 - 2014 and winter 2014 - 2015, respectively,
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of the chemical species mass concentrations, measured by the ACSM are shown in absolute and
relative terms (including eBC). The corresponding mass concentration values for each species are
given in Table 4.1.
(a) (b)
Figure 4.10: (a) Pie chart of the relative average concentration and (b) boxplot (in µg·m−3, line inside the
box: median, central box: 1st-3rd quartile range, whiskers: 10th–90th percentile range, light blue markers:
mean) of the chemical species measured with the ACSM (organic: green, sulfate: red, nitrate: blue and
ammonium: orange) and the eBC concentration derived from optical absorption measurements in winter
2013 - 2014.
It can be observed in figures 4.10b and 4.11b that the mean concentrations for both winters lie
well above the median concentrations due to the strong increases during injection of air masses
from the planetary boundary layer (PBL), which results in a skewed distribution of the observations.
Organics and eBC were the dominant species during winter 2013 - 2014, together comprising
77 % of the total PM1 mass. NO3, NH4, and SO4 contributed lower amounts, with none of these
species accounting for more than 12 % of the mass.
Regarding the winter 2014 - 2015, organics was the major component (47 % of the total PM1
mass). The contributions of NO3 and eBC were almost equally abundant (22 % and 18 % of the
total PM1 mass, respectively). Nevertheless, it should be taken into account that there were no
measurements of eBC from December 23, 2014 to January 12, 2015, therefore the above relative
contributions are not significant. During this period, several pollution episodes took place under
anticyclonic stagnant conditions favoring the accumulation of air pollutants. If these days are not
considered to estimate the absolute mass concentrations, then the organics (39 %) and eBC (29 %)
are the principal species, followed by NO3 (19 %). NH4, and SO4 contributed lower amounts, with
none of these species accounting for more than 7 % of the mass.
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(a) (b)
Figure 4.11: (a) Pie chart of the relative average concentration and (b) boxplot (in µg·m−3, line inside the
box: median, central box: 1st-3rd quartile range, whiskers: 10th–90th percentile range, light blue markers:
mean) of the chemical species measured with the ACSM (organic: green, sulfate: red, nitrate: blue and
ammonium: orange) and the eBC concentration derived from optical absorption measurements in winter
2014 - 2015.
The most interesting winter 2013 - 2014 period to study was from January 8 to 15, 2014. First
results were described in Becerril et al. (2014). It can be divided into three scenarios:
(a) A local (LOC1) episode, from January 8 to 10, 2014. It corresponded to a small winter anti-
cyclonic situation, which was characterized by subsidence and hence temperature inversions
in height. It was dominated by high pressures and low surface wind speeds (with an average
wind speed of 2.6 ± 1.2 m·s−1). This situation gives rise to little or poor ventilation and high
NOx and PM concentrations in the surface layer of the atmosphere. The synoptic configura-
tion during these days was characterized by the persistence of an anticyclone centered on the
Iberian Peninsula. This situation caused subsidence, inhibiting the vertical motions in the
lowest layer of the troposphere, favoring a high concentration of pollutants, causing a small
pollution episode.
(b) A North African (NAF1) episode, the January 11 and 12, 2014. In this second scenario,
a Saharan dust intrusion took place mixed with a temperature inversion at ground level,
which precisely coincided with the weekend. The Saharan transport scenario corresponds
to a typical late-winter season episode characterized by the presence of the Azores pressure
center slightly shifted to the east of its normal position; a ground level high is centered over
Morocco, Algeria, Tunisia, or even the western Mediterranean, and the transport is confined
to low altitudes (Escudero et al., 2005). In Fig. 4.13a can be seen the source origin in northern
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Africa and transport path through the Atlantic ending at 12:00 UTC on January 11, 2014.
(c) An Atlantic West (AW) episode, that took place from January 13 to 15, 2014 and was
associated with an advection of Atlantic air characterized by high wind speeds and a very low
ambient particle concentration. The wind turned westerly due to an upper-level low pressure
system and flew over the Iberian Peninsula from the Atlantic Ocean. It played a decisive
role in cleaning up the air over the measurements site area. Figure 4.13b shows the air mass
transported from Atlantic Ocean ending at 12:00 UTC on January 13, 2014.
(a) (b) (c)
Figure 4.12: Pie charts of (a) local (LOC1), (b) North African (NAF1), and (c) Atlantic West (AW) episodes
in winter 2013 - 2014.
The NR-PM1 composition during the three events was mainly organic, with 74 %, 50 %, and 56
% of the total mass in the local stagnation episode (LOC1), in the NAF1 scenario, and in the AW
event, respectively. It was followed by NO3 with 15 %, 27 %, and 19 %, respectively. The highest
NR-PM1 mass concentrations were registered during the North African scenario, reaching values of
12.4 µg·m−3 of organics, 10.3 µg·m−3 of NO3, 6.1 µg·m−3 of SO4, and 4.3 µg·m−3 of NH4. These
values are in contrast to the maximum NR-PM1 levels recorded under the Atlantic air mass episode,
7.7 µg·m−3, 3.6 µg·m−3, 1.8 µg·m−3, and 2.0 µg·m−3, respectively. This confirms that the Atlantic
air mass are associated with cleaner atmospheric conditions decreasing the concentration levels. In




Figure 4.13: HYSPLIT backward trajectories at altitudes of 750 m, 1500 m, and 3000 m AGL ending at
12:00 UTC (a) on January 11, 2014 (NAF1) and (b) on January 13, 2014 (AW).
During the winter 2014 -2015 two local pollution episodes (LOC2 and LOC3) took place
in the city of Madrid. The first event LOC2 was from December 17 to December 27, 2014 and
the second scenario LOC3 was from December 30, 2014 to January 15, 2015. A blocking high-
pressure/anticyclone system was centered over the Iberian Peninsula. This led to a high atmospheric
stability over the city, preventing dispersion of pollutants from the lower layers of the atmosphere
and thus reducing visibility, with the presence of intense thermal inversions during nighttime.
A strong increase in the total NR-PM1 mass concentration was observed in both local episodes.
Additionally, this meteorology favored the NO3 formation. An example of this situation can be
observed on December 22 (day with a situation of high ventilation (ws > 2 m·s−1), i.e. low NO3
formation) and December 24 (calm wind, i.e. high NO3 formation). Nevertheless, in LOC2, the
European daily PM10 limit value (50 µg·m−3) was not exceeded, whilst maximum hourly PM10
values of 50 µg·m−3 were reached. The NR-PM1 composition during both local events was mainly
organic, with 62 % and 58 % of the total mass, respectively. It was followed by NO3 with 26 % and
29 %, respectively.
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Figure 4.14: Met Office surface analysis chart at 12:00 UTC on December 24, 2014.
Figure 4.15: Met Office surface analysis chart at 06:00 UTC on January 13, 2015.
4.3.2 Spring season
In spring, wind speeds higher than 2 m·s−1 were registered during 66 % of the days, which implied
a situation of high ventilation. Organic aerosol was the most plentiful chemical species with an
average value of 2.7 ± 1.7 µg·m−3, ranged from 0.1 µg·m−3 to 19.6 µg·m−3. It was followed by
sulfate (0.8 ± 0.5 µg·m−3), ammonium (0.4 ± 0.2 µg·m−3), and nitrate (0.3 ± 0.3 µg·m−3). In terms
of eBC, high values were also recorded, reaching a maximum of 20.9 µg·m−3 (1.2 ± 1.6 µg·m−3 on
average).
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The bottom of Fig. 4.16 shows the stacked time series of organics (green), nitrate (blue), sulfate
(red), ammonium (orange), and chloride (pink) measured by the ACSM and the eBC (black) mass
concentration measured by the aethalometer in spring 2014. The top and middle of the figures show
times series of the temperature at the two levels and precipitation (top) and the wind speed and
wind direction (middle). Weekends, North African episodes, and both situations simultaneously are
highlighted in grey, light brown, and light purple, respectively.
Figure 4.16: Time series of the temperature at the two levels (Tin f and Tsup), precipitation, wind direction (wd),
wind speed (ws). Stacked time series of NR-PM1 chemical species (organic, nitrate, sulfate, ammonium, and
chloride) and equivalent black carbon (eBC) in spring 2014 (21 March 2014 – 21 June 2014). Background
colors correspond to weekends, North African episodes (NAF), and both situations together (Weekend+NAF).
Organic species dominated the total PM1 mass, contributing with the 52 %. Average absolute
concentrations of organics were around 3 µg·m−3 during spring. eBC was the second contributor
with 21 % to the total PM1 mass. SO4, NH4, and NO3 contributed lower amounts, with none of
these species accounting for more than 14 % of the mass.
In Fig. 4.17, the statistics of the chemical species mass concentrations for spring 2014, measured
by the ACSM are shown in absolute and relative terms (including eBC). The corresponding mass
concentration values for each species are given in Table 4.1.
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Figure 4.17: (a) Pie chart of the relative average concentration and (b) boxplot (in µg·m−3, line inside the
box: median, central box: 1st-3rd quartile range, whiskers: 10th–90th percentile range, light blue markers:
mean) of the chemical species measured with the ACSM (organic: green, sulfate: red, nitrate: blue and
ammonium: orange) and the eBC concentration derived from optical absorption measurements in spring
2014.
The North African (NAF2) event between April 10 to 19, 2014 was one of the most relevant
episodes in this season. The NR-PM1 composition during this scenario was dominated by organics
and sulfate, with 64 % and 16 % of the total mass, respectively. Sulfate relative contribution was
higher under this North African episode compared to other types of scenarios (about 4 % under
winter stagnation conditions). This may be due to the higher formation of secondary aerosols
enhanced by the higher temperature and solar radiation during these episodes. On average, the most
abundant component was organic aerosol (3.5 ± 1.2 µg·m−3), followed, in this order, by sulfate
(0.9 ± 0.4 µg·m−3), nitrate (0.5 ± 0.4 µg·m−3), and ammonium (0.5 ± 0.3 µg·m−3).
4.3.3 Summer season
The summer was also characterized by a situation of high ventilation. Wind speeds higher than 2
m·s−1 were registered during half of the summer days. During this season, average NR-PM1 levels
were between 0.7 µg·m−3 and 16.5 µg·m−3. Concentrations of sulfate in submicron aerosol particles
often were higher than the concentrations of nitrate, which is typical during the warm months
since ammonium nitrate is volatile and tends to remain in the gas-phase under high temperatures
(Liao et al., 2006; Dawson et al., 2007; Rae et al., 2007). The average values were 0.8 ± 0.5
µg·m−3 and 0.3 ± 0.2 µg·m−3, respectively. Nevertheless, organics recorded the highest average
mass concentration with a mean value of 3.8 ± 2.1 µg·m−3. This can be associated with the low
precipitation and the formation of secondary aerosols enhanced by the maximum solar radiation.
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The bottom of Fig. 4.18 shows the stacked time series of organics (green), nitrate (blue), sulfate
(red), ammonium (orange), and chloride (pink) measured by the ACSM and the eBC (black) mass
concentration measured by the aethalometer in summer 2014. The top and middle of the figures
show times series of the temperature at the two levels and precipitation (top) and the wind speed
and wind direction (middle). Weekends, North African episodes, and both situations simultaneously
are highlighted in grey, light brown, and light purple, respectively.
Summer NR-PM1 values within Madrid were slightly lower than those observed in other sites
in Europe and United States. For instance, NR-PM1 levels of about 7 µg·m−3 were found in summer
2013 at a regional background site of the Po Valley, Italy (Bressi et al., 2016) and of 9 µg·m−3
during summer 2012 at an urban site in Atlanta (Budisulistiorini et al., 2016).
Figure 4.18: Time series of the temperature at the two levels (Tin f and Tsup), precipitation, wind direction
(wd), wind speed (ws). Stacked time series of NR-PM1 chemical species (organic, nitrate, sulfate, ammonium,
and chloride) and equivalent black carbon (eBC) in summer 2014 (21 June 2014 – 22 September 2014).
Background colors correspond to weekends, North African episodes (NAF), and both situations together
(Weekend+NAF).
The SO4/NO3 ratio was higher in summer than in winter (2.7 ± 1.8 in summer and 1.4 ± 4.2 in
winter 2013 - 2014 and 0.9 ± 1.7 in winter 2014 - 2015), as found by Revuelta et al. (2012a) at the
same measurement place. The highest ratio was reached in spring with a value of 3.1 ± 1.8. The
fact that sulfate to nitrate ratios are higher during the warm months than the cold months, suggests
that aqueous oxidation of SO2 is of limited importance in producing sulfate aerosol, although
greater dissociation of NH4NO3 in summer may also be important. High ratios probably reflect
a greater stability of sulfate than nitrate during long-range transport, as the latter may dissociate
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when in the form of ammonium nitrate. The variation of the sulfate-to-nitrate ratio is mainly
driven by fluctuations in temperature, relative humidity, meteorology, oxidant levels and the degree
of long-range-transport (Abdalmogith and Harrison, 2006). Correlation coefficients were low,
supporting the hypothesis of different processes controlling the formation of sulfate and nitrate.
In Fig. 4.19, the statistics of the chemical species mass concentrations for summer 2014, mea-
sured by the ACSM are shown in absolute and relative terms (including eBC). The corresponding
mass concentration values for each species are given in Table 4.1.
(a) (b)
Figure 4.19: (a) Pie chart of the relative average concentration and (b) boxplot (in µg·m−3, line inside the
box: median, central box: 1st-3rd quartile range, whiskers: 10th–90th percentile range, light blue markers:
mean) of the chemical species measured with the ACSM (organic: green, sulfate: red, nitrate: blue and
ammonium: orange) and the eBC concentration derived from optical absorption measurements in summer
2014.
As happened in spring, organics were the dominant species, representing the 61 % of the
total PM1 mass. Similar contribution in terms of percentage was found in other areas during the
same season (Minguillón et al., 2015; Petit et al., 2015; Budisulistiorini et al., 2016). This is a
characteristic of the warm months, when transport from the PBL was most abundant. Average
absolute concentrations of organics were around 4 µg·m−3 during summer. eBC and SO4 were
almost equally abundant (17 % and 12 % of the total PM1 mass, respectively). NH4 and NO3
contributed lower amounts, with none of these species accounting for more than 6 % of the mass.
Ammonium nitrate has high volatility in summer (i.e., low relative humidity and high temperature
(Zhuang et al., 1999)), thus the concentrations and, consequently, the absolute contributions were
very low.
A similar North African episode to the one that occurred in spring (NAF2) took place from
August 16 to 18, 2014 (NAF3). This time, the event was shorter but with similar average mass
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concentrations. The most abundant component was organic aerosol (3.8 ± 1.3 µg·m−3), followed,
in this order, by sulfate (1.1 ± 0.2 µg·m−3), ammonium (0.4 ± 0.1 µg·m−3), and nitrate (0.3 ± 0.1
µg·m−3). The relative contribution of organics and sulfate was 68 % and 20 %, respectively. As
previously mentioned, the high temperature and strong solar radiation in these types of scenarios
enhance the secondary aerosols formation.
4.3.4 Autumn season
From the end of November until the end of autumn, the high stability and low dispersion conditions
of the atmosphere, coinciding with the lowest wind speeds, can account for these high concentra-
tions, as these ambient conditions enhance aerosol mass accumulation. The event occurred at the
beginning of autumn is described below.
The bottom of Fig. 4.20 shows the stacked time series of organics (green), nitrate (blue), sulfate
(red), ammonium (orange), and chloride (pink) measured by the ACSM and the eBC (black) mass
concentration measured by the aethalometer in autumn 2014. The top and middle of the figures
show times series of the temperature at the two levels and precipitation (top) and the wind speed
and wind direction (middle). Weekends, North African episodes, and both situations simultaneously
are highlighted in grey, light brown, and light purple, respectively.
Figure 4.20: Time series of the temperature at the two levels (Tin f and Tsup), precipitation, wind direction
(wd), wind speed (ws). Stacked time series of NR-PM1 chemical species (organic, nitrate, sulfate, ammonium,
and chloride) and equivalent black carbon (eBC) in autumn 2014 (September 23, 2014 – December 21,
2014). Background colors correspond to weekends, North African episodes (NAF), and both situations
together (Weekend+NAF).
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As happened in both winters, the mean concentrations in autumn lie well above the median
concentrations (Fig. 4.21b) due to the strong increases during injection of air masses from the
planetary boundary layer (PBL). This can be observed especially for organics, nitrate and eBC.
In Fig. 4.21, the statistics of the chemical species mass concentrations for autumn 2014, mea-
sured by the ACSM are shown in absolute and relative terms (including eBC). The corresponding
mass concentration values for each species are given in Table 4.1. A similar situation to what
happened in winter, in terms of percentage, occurred in this season, organics and eBC were the
dominant species, together comprising 70 % of the total PM1 mass. NO3, NH4, and SO4 contributed
lower amounts, with none of these species accounting for more than 13 % of the mass.
(a) (b)
Figure 4.21: (a) Pie chart of the relative average concentration and (b) boxplot (in µg·m−3, line inside the
box: median, central box: 1st-3rd quartile range, whiskers: 10th–90th percentile range, light blue markers:
mean) of the chemical species measured with the ACSM (organic: green, sulfate: red, nitrate: blue and
ammonium: orange) and the eBC concentration derived from optical absorption measurements in autumn
2014.
The most striking events to emerge from the autumn data was a volcanic ash episode due
to the eruption of the Bárðarbunga volcano on Iceland. It was identified from September 24 to
September 29, 2014, which caused significant amount of volcanic-related material released within
the atmosphere (McCoy and Hartmann, 2015; Schmidt et al., 2015; Fernández et al., 2018). The
2014 - 2015 Bárðarbunga-Veiðivötn fissure eruption at Holuhraun produced about 1.5 km3 of lava,
making it the largest eruption in Iceland in more than 200 years (Fig. 4.22a). Over the course of
the eruption, daily volcanic sulfur dioxide (SO2) emissions exceeded daily SO2 emissions from
all anthropogenic sources in Europe in 2010 by at least a factor of 3 (Schmidt et al., 2015). The
pollution episode caused by the volcanic eruption was observed around 20:00 UTC on September
24, 2014 in the Madrid area. HYSPLIT backward trajectories (Fig. 4.22b) show the path of the
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air mass which overpass the volcanic region of Iceland and European countries with volcanic dust
contamination in the atmosphere, before to arrive at the ACSM measurement point at altitudes of
1500 m and 3000 m AGL.
(a)
(b)
Figure 4.22: (a) Bárðarbunga eruption on September 4, 2014, image by peterhartree, https://www.
flickr.com/photos/41812768@N07/15145861552/in/photostream/ and (b) HYSPLIT backward
trajectories at altitudes of 750 m, 1500 m, and 3000 m AGL ending at 12:00 UTC on September 25, 2014.
It should be added that a meteorological situation of atmospheric stability over the Iberian
Peninsula inhibited the dispersion of the volcanic ash plume from the afternoon of September 25 to
September 29, 2014.
It can be seen that organics and nitrate concentrations in PM1 were lower during the volcanic
episode than during most other periods in autumn. Contrary to this, sulfate concentrations were
at their highest during the episode, reaching the maximum value (11.7 µg·m−3) at 05:00 UTC on
September 25, 2014, which makes up 66 % of the total mass. The enrichment of sulfate in PM1
during the episode is evident when looking at the relative contribution of the chemical compounds
measured by the ACSM (Fig. 4.23). High levels of SO4 were maintained for a few days given the
fact that the volcanic plume went around at high atmospheric levels, which allowed the deposition
of these aerosols during the following days. Sulfate had the same behavior at the CIEMAT urban
background station in Madrid as during the Iceland’s Eyjafjallajökull volcanic episode in 2010
(Revuelta et al., 2012b).
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Figure 4.23: NR-PM1 relative chemical contribution from September 23, to October 01, 2014.
The annual average concentration of sulfate in PM1 have been observed to be about 0.7 µg·m−3
at our measurement site in 2010 (Revuelta, 2012). Based on this and the findings above, it can
be concluded that a big fraction of the sulfate in PM1 was of volcanic origin during this event.
However, it is necessary to keep in mind that also sources other than volcanoes are able to result
in high sulfate concentrations. Salvador et al. (2008) found that particulate sulfate concentrations
comparable to that during the volcanic episode are frequently observed in polluted air masses
originated in European source areas and moving southward the Mediterranean Sea.
4.4 Diurnal variations of aerosol composition
The diurnal variations of NR-PM1 chemical species (organic, nitrate, sulfate, ammonium) and
equivalent black carbon (eBC) mass concentrations at CIEMAT separated by season are shown in
Fig. 4.24.
The highest variations (in terms of concentration amplitude) in the organics diurnal cycles are
observed in autumn and winter. The diurnal variation of OA is largely influenced by the changes in
planetary boundary layer (PBL) height (see Fig. 4.29), contribution of various sources to total OA,
and temperature-dependent gas/particle partitioning (Plaza et al., 2011a). During these seasons,
the organics concentration showed an increasing trend from 06:00 UTC and peaked around 09:00
UTC, that should be linked to traffic emissions. Moreover, at 09:00 UTC the thermal convection
is usually quite weak in winter which does not enhance the growth of the PBL. The evening rush
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hour from 17:00 UTC to 21:00 UTC, decreasing PBL heights, increased the OA concentration. OA
concentration reached a peak around 20:00 UTC mainly due to the combination of lowest PBL
height and additional contributions from vehicles in the city. By contrast, in spring and summer the
organics diurnal profile is rather flat, with poor temporal variations. The lack of a decrease in the
afternoon suggests rapid formation of secondary organic aerosols (SOA) (Plaza et al., 2011a) from
diverse anthropogenic (traffic for instance, as underlined by Nordin et al. (2013); Platt et al. (2013))
and biogenic sources (Carlton et al., 2009).
(a) (b)
(c) (d)
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Figure 4.24: Diurnal variations of NR-PM1 chemical species (organic, nitrate, sulfate, ammonium) and
equivalent black carbon (eBC) mass concentrations at CIEMAT for 22 December 2013 to 04 March 2015
summarized by season. (a) winter 2013 - 2014, (b) spring 2014, (c) summer 2014, (d) autumn 2014, and (e)
winter 2014 - 2015. The solid line indicates the mean concentration and the shaded area represents the 95%
confidence interval in mean.
Sulfate presents different diurnal trend from other compounds. Its concentration is rather stable
throughout the day during all seasons. Lack of marked diurnal pattern in sulfate mass concentrations





Figure 4.25: Diurnal variations of NR-PM1 sulfate mass concentrations at CIEMAT summarized by season.
(a) winter 2013 - 2014, (b) spring 2014, (c) summer 2014, (d) autumn 2014, and (e) winter 2014 - 2015. The
solid line indicates the mean concentration and the shaded area represents the 95% confidence interval in
mean.
It should be noted that the daytime photochemical production of sulfate from gas-phase
oxidation of SO2 might be masked by an elevated PBL height. When the dilution effects by
the PBL are considered, Sun et al. (2012) found that sulfate increased gradually from morning to
late afternoon, demonstrating the daytime photochemical production of sulfate. In this study, sulfate
showed an evident daytime increase until around noon, indicating that the gas-phase photochemical
process played an important role in the sulfate diurnal evolution. Under nighttime conditions sulfate
production rates are lower. This is in agreement with results obtained by Plaza et al. (2011b) in
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Madrid, where sulfate nocturnal concentrations were usually lower than their subsequent diurnal
concentration.
Aerosol nitrate is formed from the precursor gas HNO3. The formation of HNO3 can occur
several ways including daytime reaction of NO2 and OH radical and various nighttime reactions
involving NO3 radical and N2O5 (Seinfeld and Pandis, 2006). In this study, nitrate (NO3) and
ammonium (NH4) present very similar diurnal profiles, illustrating the importance of ammonium
nitrate (NH4NO3) by comparison with ammonium sulfate ((NH4)2SO4) (see Figs. 4.26 and 4.27)





Figure 4.26: Diurnal variations of NR-PM1 nitrate mass concentrations at CIEMAT summarized by season.
(a) winter 2013 - 2014, (b) spring 2014, (c) summer 2014, (d) autumn 2014, and (e) winter 2014 - 2015. The
solid line indicates the mean concentration and the shaded area represents the 95% confidence interval in
mean.
(a) (b)
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Figure 4.27: Diurnal variations of NR-PM1 ammonium mass concentrations at CIEMAT summarized by
season. (a) winter 2013 - 2014, (b) spring 2014, (c) summer 2014, (d) autumn 2014, and (e) winter 2014 -
2015. The solid line indicates the mean concentration and the shaded area represents the 95% confidence
interval in mean.
Both chemical species (NO3 and NH4) display diurnal profiles with maximum concentrations
between 10:00 UTC and 11:00 UTC in autumn and winter, and an earlier morning peak in spring and
summer started before dawn, which should be related to the enhancement of NH4NO3 formation
at low temperatures and/or high ambient relative humidity (RH). Moreover, the formation of
ammonium nitrate is conditioned by another factors, such as the acidity of atmospheric water, the
concentration of gas-phase HNO3 and ammonia (NH4), etc. (Russell et al., 1983; Seinfeld and
Pandis, 2006). As occurred with sulfate, NO3 and NH4 concentrations follow the same diurnal
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cycle as those obtained by Plaza et al. (2011b).
In both winters and in autumn, the diurnal cycle of nitrate follows closely the diurnal trend of
solar radiation (see the normalized diurnal cycles in Figs. 4.28 (a) winter 2013 - 2014, (d) autumn
2014, and (e) winter 2014 - 2015). This suggests the dominance of photochemical processes in
nitrate formation in Madrid, as reported by Gómez-Moreno et al. (2007). In spring and summer,
after 09:00 UTC - 10:00 UTC, the combination of the diurnal evolution of the PBL height and the
diurnal increase of temperature prevailed over the photochemical formation of nitrate. In summer,
another traffic peak also appeared in the late afternoon/early evening in nitrate, but not in winter
(Fig. 4.26). This peak has been explained by other authors in terms of the contraction of the mixing
layer (ML), which is consistent with our results. On Sundays, the evening peak is higher than the
morning one (not shown here), related to people returning home after the weekend. In general, the
evolution of the convective PBL in the Madrid area begins around 1 hour after sunrise, reaching
the maximum value between 12:00 and 15:00 UTC, and it usually decreases around 16:00 UTC
(Crespí et al., 1995). Crespí et al. (1995) studied the mixed-layer (ML) height evolution during
two years in Madrid under different synoptic conditions. The aforementioned authors obtained a
classification according to distinct meteorological scenarios. Under synoptic situations typically
found in autumn and winter the ML is very shallow, not exceeding 700 m AGL. In spring and
summer, the ML can be reach a value of 3000 m AGL.
(a) (b)
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Figure 4.28: Normalized diurnal variations of NR-PM1 nitrate mass concentrations and solar radiation at
CIEMAT summarized by season. (a) winter 2013 - 2014, (b) spring 2014, (c) summer 2014, (d) autumn 2014,
and (e) winter 2014 - 2015. The solid line indicates the normalized mean and the shaded area represents the
95% confidence interval in mean.
Clearly diurnal patterns can be observed for carbonaceous aerosols independently of the season.
They were characterized by a strong major peak in the morning. Another evening was also present
but weaker, especially in spring and summer. Both these morning and evening peaks coincided
with peak traffic times.
In figure 4.29 the diurnal cycles of the planetary boundary layer (PBL) height are shown for
each season, noticed that data have a time resolution of 3 hours and the model does not provide
values at 21:00 UTC.
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Figure 4.29: Diurnal variations of the planetary boundary layer (PBL) height for each season at CIEMAT.
The solid line indicates the mean and the shaded area represents the 95% confidence interval in mean.
Chapter5
Characterization of atmospheric black
carbon and co-pollutants in urban and
rural areas of Spain
5.1 Introduction
In Madrid, eBC was not measured until the end of 2013, but there are OC and EC data before
that date (Artíñano et al., 2003; Salvador et al., 2004; Plaza et al., 2006, 2011a). Variability of
carbonaceous aerosols in Spain is detailed in Querol et al. (2013). eBC was not actually measured
before in any of the three sites presented in this chapter, therefore these results are novel since they
allow knowing not only the eBC mass concentration and its temporal variations, but also the origin
of eBC, which for the first time a source apportionment study was carried out.
In this chapter data from the period of December 22, 2014 to December 21, 2015 were analyzed
to carried out a one-year BC experimental study by means of multi-wavelength Aethalometers at
the following three different locations:
• CIEMAT: the urban background site in Madrid,
• Escuelas Aguirre: the traffic urban station in Madrid, and
• Villanueva del Arzobispo: the rural area in Andalusia.
These sites have different eBC source characteristics. The Aethalometer model was used for the
source apportionment study, based on the difference in absorption spectral dependence of emissions
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from biomass burning (bb) and fossil fuel (ff) combustion. Most studies use a single bb and ff
absorption Ångström exponent (AAE) pair (AAEbb and AAE f f ), however in this work we use
a range of AAE values associated with fossil fuel and biomass burning based on the available
measurements, which represents more properly all conditions. Here we present a methodology for
the determination of the ranges of AAEbb and AAE f f by evaluating the correlations between the
source apportionment of eBC using the Aethalometer model with four biomass burning tracers
measured at the rural site. Daily PM2.5 and PM10 samples were collected using high-volume air
samplers and analyzed for OC and EC and biomass burning tracers.
5.2 eBC mass concentrations and contribution to PM10
Mean eBC values and the corresponding standard deviations obtained at the three sites during the
period of study were 3.70 ± 3.73 µg·m−3 at Escuelas Aguirre , 2.33 ± 2.96 µg·m−3 at CIEMAT, and
2.61 ± 5.04 µg·m−3 at Villanueva. The highest mean eBC concentration was recorded, as expected,
in Escuelas Aguirre, since it is an urban site highly influenced by traffic. The eBC had a significant
seasonal dependence at the three sites (Fig. 5.1). The most extreme seasonal variation was observed
at the rural site Villanueva, where maximum eBC hourly values around 52 µg·m−3 were recorded
in winter, while in summer eBC hourly concentrations never exceeded 16 µg·m−3.
The values measured in autumn and winter in Villanueva exceed those typically found in other
rural areas in Spain (Querol et al., 2013). Significantly lower values have been measured in different
rural areas of Europe, this is because Villanueva is located in a valley with frequent temperature
inversions in winter which lead to reduced vertical mixing of the air and to an accumulation of air
pollutants within the boundary layer. Additionally, high concentrations may be attributed to the
enhanced biomass burning emissions activities in the cold months as discussed later. For instance,
in an area 10 km south of the city center of Edinburgh (UK) (Heal and Hammonds, 2014), the
eBC (measured by a Diffusion Systems MD43 EEL reflectometer) average concentration was 0.5
µg·m−3 for a study period of two months (February to April 2009). In contrast, in some rural
regions of Southeast Asia, such as India where biomass burning is a major source, the observed
eBC values are significantly higher and close to 10 µg·m−3 (annual mean value) (Guha et al., 2015)
with wintertime average values twice as high compared to the annual average.
In urban areas in Spain, the eBC mean values observed in Barcelona-CSIC (eBC = 2.1 µg·m−3)
and Granada University (eBC = 2.6 µg·m−3) (Querol et al., 2013; Titos et al., 2015) are similar to
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those obtained at the Madrid urban background site in this work. However, in other urban sites in
Europe lower eBC mean concentrations have been obtained in winter but similar values in summer
(Herich et al., 2011; Crilley et al., 2015).
Figure 5.1: Boxplots of hourly average eBC mass concentrations (µg·m−3) at the three measurement sites
during the four seasons. The central box spans the first quartile to the third quartile. The line inside the box
shows the median and "whiskers" above and below the box show the minimum and maximum. Open circles
represent extreme high values. The colored markers show the mean. Sites: Escuelas Aguirre (EA), CIEMAT
(CIE) and Villanueva del Arzobispo (VA).
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The temporal evolution of the eBC mass concentrations in this study shows that eBC peaks
matched the hourly average PM10 mass concentration measured at each site in winter and autumn
but not necessarily in spring and summer (Figs. 5.2 – 5.4).
Figure 5.2: eBC, PM1, PM2.5 and PM10 time series at CIEMAT (Madrid) during the four seasons.
Figure 5.3: eBC, PM2.5 and PM10 time series in Escuelas Aguirre (Madrid) during the four seasons
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Figure 5.4: eBC and PM10 time series in Villanueva del Arzobispo (Jaén) during the four seasons.
The relationship can be more closely analyzed by studying the data scatter plots and regression
fit results between PM10 and eBC (Fig. 5.5). As expected, the linear regression coefficients of
determination do not particularly reflect a very high correlation (R2 = 0.39 at Escuelas Aguirre, R2
= 0.20 at CIEMAT, and R2 = 0.55 at Villanueva). However, the correlation between eBC and PM10
at the rural site was significantly better than at the urban sites in winter and autumn (Figs. 5.6 - 5.8).
The coefficients of determination obtained from the linear regression between eBC and PM10 in
Villanueva were R2 = 0.84 in winter and R2 = 0.72 in autumn (Fig. 5.8). These higher values in
these two seasons indicate that eBC and PM10 very probably have the same origin in these periods
of the year. On the contrary, in spring and summer the values R2 = 0.10 and R2 = 0.04 (Fig. 5.8),
respectively, obtained for this coefficient can be attributed to the influence of a mix of different
sources, particularly large amounts of Saharan dust transported to the area, which increased PM10
mass concentration without increases in eBC.
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Figure 5.5: Scatter plots and regression fit results between PM10 and eBC at Escuelas Aguirre, CIEMAT, and
Villanueva del Arzobispo during the period of study.
Figure 5.6: Scatter plots and regression fit results between PM10 and eBC at Escuelas Aguirre during the
four seasons.
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Figure 5.7: Scatter plots and regression fit results between PM10 and eBC at CIEMAT during the four
seasons.
Figure 5.8: Scatter plots and regression fit results between PM10 and eBC at Villanueva del Arzobispo during
the four seasons.
Table 5.1 summarizes the average eBC/PM10 ratios for the three sites and for each season. At all
sites, the highest values were recorded in autumn and winter. In Madrid, the eBC contributions to
the PM10 fraction varied from 7 % in summer to 20 % in winter at the background site, whereas this
contribution was slightly higher, from 11 % in summer to 21 % in winter, at the traffic-influenced
station. These values are consistent with the 3-11 % contribution reported in other European
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urban background areas and with values up to 24 % found in some European urban traffic stations
(Reche et al., 2011) (see Table 5.2 and references therein). The autumn and winter months seem
to be critical in Madrid in the light of the observed increase in the eBC concentrations. In fact,
during the early winter 2014-2015 and late autumn 2015 several pollution episodes took place
under anticyclonic stagnant conditions favoring the accumulation of the eBC concentrations mainly
derived from traffic emissions (Figs. 5.2 and 5.3). Nevertheless, the standard deviation values
in Table 5.1 provide a measure of the large variations of the eBC/PM10 ratios for each season.
Therefore, special conditions such as low PM10 concentrations (giving rise to high eBC/PM10
ratios) must be taken into account when these ratios are used for comparison purposes.
In the rural area of Villanueva, the eBC contribution to PM10 was significantly lower compared
to the urban sites, varying from 4 % in the summer to 11 % in the autumn, which is consistent
with the 3.6 % value reported at another rural site in Europe (Heal and Hammonds, 2014). The
highest contribution was recorded in autumn 2015 and winter 2014-2015. The low eBC content in
PM10 was affected by the mixture of pollution sources and meteorological conditions. In addition,
the different composition of the combustion emissions, the mineral dust sources associated with
African dust outbreaks and the formation of secondary inorganic and organic aerosol, mostly from
anthropogenic emissions (Salvador et al., 2016), should be considered, which could also increase









Winter 2014 - 2015 0.21 ± 0.13 0.20 ± 0.14 0.09 ± 0.06
Spring 2015 0.15 ± 0.11 0.10 ± 0.09 0.06 ± 0.07
Summer 2015 0.11 ± 0.08 0.07 ± 0.06 0.04 ± 0.05
Autumn 2015 0.17 ± 0.11 0.19 ± 0.15 0.11 ± 0.10
Table 5.1: eBC/PM10 ratios at Escuelas Aguirre, CIEMAT and Villanueva del Arzobispo for each season
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5.3 Sensitivity analysis for the best selection of AAEff and AAEbb
values
The analysis presented in this section is an essential element and one of the main contributions
of this thesis. Previous eBC source apportionment studies (Sandradewi et al., 2008a; Favez et al.,
2010; Herich et al., 2011; Harrison et al., 2013; Petit et al., 2014) using the above Aethalometer
model (see Section 3.2.2.3)have assumed two single fixed AAE values for the estimation of the
respective contributions of fossil fuel and biomass burning to ambient eBC concentrations. The
main methodological novelty of this work is the use of a range of AAE values associated with fossil
fuel (AAE f f ) and biomass burning (AAEbb) based on the available measurements.
For this purpose, a selection of AAE f f and AAEbb values based on the AAE percentiles was
first developed (5.3.1). Nevertheless, the AAEbb values obtained were high compared to studies
using radiocarbon (14C) measurements of ambient aerosol.
The radiocarbon analysis is another independent and more direct approach than the Aethalome-
ter model to distinguish between modern and fossil contributions. Radiocarbon (14C) is completely
depleted in fossil fuel emissions (14C half-life = 5730 years) and can, therefore, be separated
from non-fossil carbon sources, which have a similar 14C signal as atmospheric carbon dioxide
(CO2) (Currie, 2000; Szidat, 2009). Measuring 14C in the EC fraction, hence directly enables the
quantification of the biomass burning and fossil sources of EC. However, the 14C analysis can
only be performed on filter samples and is consequently limited in time resolution. Furthermore,
such analysis is rather expensive and time consuming. The 14C measurement in the EC fraction
remains additionally challenging in contrast to total carbon (TC) (Szidat et al., 2013), since a clear
physical separation between OC and EC is necessary to avoid interferences from OC in the 14C
signal. Nevertheless, recent developments and method adaptations from different groups show
more consistent approaches and yield more robust 14C results (Zhang et al., 2012; Bernardoni et al.,
2013; Dusek et al., 2014).
Since the selection by the AAE percentiles was not turned out to be adequate, AAE f f and
AAEbb were finally evaluated based on the correlation between measured Kbb together with the three
organic compounds and eBCbb concentrations from the Aethalometer model (5.3.2). In contrast
to the radiocarbon analysis, the Kbb and the three organic compounds (levoglucosan, mannosan
and galactosan) analyses are cheaper and therefore filter measurements of these compounds can be
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obtained more easily.
5.3.1 Selection based on the AAE percentiles
The values of AAE were obtained with the following approach.
The first step was the establishment of a threshold of eBC to reduce the noise in the estimated
AAE during periods of very low eBC concentrations. The eBC data were grouped into bins of 0.05
µg·m−3. Then, the average AAE (µ) and its standard deviation (σ) were calculated for each bin (Fig.
5.9). The variability increased as the eBC concentrations decreased. We used as criterion for the
threshold eBC concentration the 3σ > µ. For Escuelas Aguirre, the corresponding threshold was
found to be 0.35 µg·m−3, while in the other two sites it was 0.15 µg·m−3. Data during periods when
the eBC levels were below the most restrictive eBC threshold (0.35 µg·m−3) were not included in
the calculations of the AAE in each site.
Figure 5.9: eBC data grouped into bins of 0.05 µg·m−3 for Escuelas Aguirre (top left), CIEMAT (top right) and
Villanueva del Arzobispo (bottom) during the study period. Mean (full symbols), standard deviation (error bars) and
median (open symbols) are plotted for each bin. The threshold eBC concentration is gray colored, the most restrictive is
0.35 µg·m−3, which corresponds to Escuelas Aguirre.
The probability AAE density function was calculated for each bin and for each site (Fig. 5.10).
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Figure 5.10: Probability density function (PDF) of AAE470nm−950nm for eBC data grouped into bins of 0.05 µg·m−3 for
Escuelas Aguirre (top left), CIEMAT (top right) and Villanueva del Arzobispo (bottom) during the study period.
In the second step, a range of AAE values for fossil fuel (AAE f f ) and biomass burning (AAEbb)
was estimated. The probability AAE density and cumulative AAE distribution functions were
calculated for each site and for each season (Figs. 5.11 and 5.12).
Figure 5.11: Probability density function (PDF) of AAE470nm−950nm for all three sites during the four seasons.
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Figure 5.12: Cumulative distribution function (CDF) of AAE470nm−950nm for all three sites during the four seasons.
In Madrid city, traffic is known to be the dominant source of carbonaceous PM and it is present
as a source all the time. The AAE f f range was estimated in this site using the values between the
10th-percentile and the median (50th-percentile) of the AAE probability distribution during the
summer and was found to be AAE f f = [0.97 – 1.14] (Fig. 5.13). These average values were not
included in the analysis because they could include contributions from biomass burning or other
sources. Although there is a broad consensus that AAE f f is between 0.90 and 1.10 (Sandradewi
et al., 2008b; Zotter et al., 2017), the statistical analysis of the AAE data showed that AAE f f in
this study was between 0.97 and 1.14.
For representative values of AAEbb, we relied on the high wintertime measurements in Vil-
lanueva, where biomass burning dominates. The chosen range of AAEbb corresponds to the 75th-
and 90th-percentiles ranges during winter in Villanueva. The contribution of biomass burning in
that area is high in winter, mainly due to the use of wood stoves for domestic heating. The resulting
AAEbb = [2.15 – 2.40] (Fig. 5.13).
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Figure 5.13: Boxplots of AAE470nm−950nm at the three measurement sites during the four seasons. The central box spans
the first quartile (25th-percentile) to the third quartile (75th-percentile). The line inside the box shows the median
(50th-percentile) and "whiskers" above and below the box show the 10th- and 90th-percentiles. The colored markers
show the mean. Sites: Escuelas Aguirre (EA), CIEMAT (CIE) and Villanueva del Arzobispo (VA).
5.3.2 Evaluation of AAEff and AAEbb based on Pearson’s correlation
The representative values of AAEbb were evaluated based on the correlations between the mea-
sured mass concentrations of the potassium associated with biomass burning (Kbb) and the three
monosaccharide anhydrides (levoglugosan, mannosan, and galactosan) on one side, and eBCbb mass
concentrations obtained from the Aethalometer model on the other, in Villanueva. The contribution
of biomass burning in that area is high in winter, mainly due to the use of wood stoves for domestic
heating, as source apportionment studies have revealed (Salvador et al., 2016). The stability of
the model output with respect to AAE f f and AAEbb was determined by monitoring the Pearson
correlation coefficient for varying AAE f f and AAEbb in the range [0.80 - 1.20] and [1.60 - 2.50],
respectively (Figs. 5.14 – 5.21). The AAEbb values that maximize the R-Pearson coefficient were
1.63 between Kbb and eBCbb and 1.74 between the three organic compounds and eBCbb. For these
AAEbb values, the variation of the R-Pearson coefficient was almost independent of AAE f f . Thus,
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based on the goodness of the fit, the range of AAEbb = [1.63 – 1.74] seems to be the optimal
for our study. These values agree with the obtained in previous studies where radiocarbon (14C)
measurements of the fossil and non-fossil fractions of EC and OC were used to validate the choice
of the AAE for biomass burning emissions (Sandradewi et al., 2008a; Zotter et al., 2017).
Figure 5.14: R-Pearson of the fitting between eBCbb and Kbb collected from 22th November 2014 until 29th June 2015
in Villanueva del Arzobispo as a function of AAE f f and AAEbb.
Figure 5.15: R-Pearson of the fitting between eBCbb and levoglucosan collected from 22th November 2014 until 29th
June 2015 in Villanueva del Arzobispo as a function of AAE f f and AAEbb.
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Figure 5.16: R-Pearson of the fitting between eBCbb and mannosan collected from 22th November 2014 until 29th June
2015 in Villanueva del Arzobispo as a function of AAE f f and AAEbb.
Figure 5.17: R-Pearson of the fitting between eBCbb and galactosan collected from 22th November 2014 until 29th
June 2015 in Villanueva del Arzobispo as a function of AAE f f and AAEbb.
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Figure 5.18: R-Pearson of the fitting between eBCbb and Kbb collected in winter 2014 - 2015 in Villanueva del Arzobispo
as a function of AAE f f and AAEbb.
Figure 5.19: R-Pearson of the fitting between eBCbb and levoglucosan collected in winter 2014 - 2015 in Villanueva del
Arzobispo as a function of AAE f f and AAEbb.
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Figure 5.20: R-Pearson of the fitting between eBCbb and mannosan collected in winter 2014 - 2015 in Villanueva del
Arzobispo as a function of AAE f f and AAEbb.
Figure 5.21: R-Pearson of the fitting between eBCbb and galactosan collected in winter 2014 - 2015 in Villanueva del
Arzobispo as a function of AAE f f and AAEbb.
The AAE f f range in Madrid was estimated from measurements recorded during a specific
experiment carried out in a traffic hot-spot area. For this, the measurements were made during
a summer’s day from the early morning rush hours until the middle of the day (from 4:40 UTC
to 12:00 UTC) next to a traffic light of a dense traffic lane at the Fernández Ladreda square
(40°23’05"N 3°43’07"W, 605 m ASL), the hot-spot located in the south-west of Madrid (Fig. 5.22).
This area is an important intersection of several principal routes with high traffic density, which
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leads to have a significant impact on the air quality. Two aethalometers were place next to a traffic
light of a dense traffic lane (Fig. 5.23).
Figure 5.22: Fernández Ladreda square measurement site (source: Google Earth).
(a) (b)
Figure 5.23: Aethalometers placed next to the traffic light during the measurement time.
The AAE values varied from 0.93 to 1.14 (Fig. 5.24 (bottom)), which corresponds to a biodiesel
bus passed the lane closest to the aethalometers and when the cars were stopped at the red traffic
light, respectively. From statistical point of view, AAE values below 0.96 and greater than or equal
to 1.13 are considered outliers (Fig. 5.24 (top)). Hence, AAE f f results were in the range [0.97
– 1.12], coinciding with the lowest percentiles obtained in this study for Escuelas Aguirre and
CIEMAT (Fig. 5.13). These values are consistent with previous findings reported in the literature
for fossil fuel emissions (Favez et al., 2009; Titos et al., 2017; Zotter et al., 2017).
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Figure 5.24: Probability density function (PDF) of AAE470nm/950nm (bottom) and boxplot of AAE470nm/950nm (top) at
Fernández Ladreda square. The central box spans the first quartile (25th-percentile) to the third quartile (75th-percentile).
The line inside the box shows the median (50th-percentile) and "whiskers" above and below the box show the 10th- and
90th-percentiles. Open circles represent outliers. The black marker shows the mean.
Although differences between the Pearson correlation coefficient choosing single values of
AAE f f and AAEbb or a range for each of them are less than 1 %, in this work two ranges are
proposed to be used for fossil fuel and biomass burning source apportionment, respectively. In the
first case, it is considered that the selected range represents more properly all traffic conditions.
In the second case, two different values were obtained that maximize the R-Pearson coefficient
depending on the selected biomass burning tracers, Kbb or organic compounds, thus to be more
coherent, the range between both values was chosen.
In the next step, the contributions of fossil fuel and biomass burning of eBC were calculated
by means of the Aethalometer model (Eqs. 3.8 – 3.11). They were analyzed in three different
ways. In the first method, we set the AAE f f value at the low end of the interval previously
obtained, and then we calculated both eBC contributions increasing the AAEbb in increments of
0.01 within the range previously obtained. Then, we increased AAE f f for 0.01 and repeated the
same process, progressing successively through all possible combinations of AAE f f and AAEbb in
their corresponding intervals: AAE f f = [0.97 – 1.12] and AAEbb = [1.63 – 1.74]. The other two
ways consisted of generating random pairs of AAE f f and AAEbb within their corresponding ranges,
assuming that the AAE for each source had either a uniform distribution or a Gaussian/normal
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distribution. The mean (µ) and the standard deviation (σ) assumed for the uniform distribution
were µ = 1.045 and σ = 0.043 for AAE f f , and µ = 1.685 and σ = 0.025 for AAEbb. For the normal
distribution, the values were µ = 1.045 and σ = 0.035 for AAE f f , and µ = 1.685 and σ = 0.018 for
AAEbb.
Finally, the resulting contributions of eBC f f and eBCbb to the total eBC were calculated by
averaging all contributions, on the one hand, those of eBC f f and on the other, those of eBCbb
previously obtained, with their corresponding standard deviations. The calculations were performed
for all the three methods. The difference between the three methods of estimation the eBC f f and
eBCbb contributions described above was less than 1%. Therefore, the first way was used in the
rest of the work.
To sum up, as in the Madrid site traffic is the main source, especially in summer, and in
Villanueva biomass burning is the dominant source during winter, AAE f f in Madrid (AAE f f =
[0.97 - 1.12]) and AAEbb in Villanueva (AAEbb = [1.63 - 1.74]) were taken as the AAE reference
values in this work.
5.4 Source apportionment of eBC
The measured diurnal average cycles of the AAE at Escuelas Aguirre, CIEMAT, and Villanueva
during the period of study are shown in Figure 5.25. The AAE in Villanueva is characterized by
a strong diurnal variation during winter and autumn, with values in the evening hours until dawn
consistent with an increase of biomass burning activity due to the use of the domestic woodstoves.
The AAE average values in the rural area were 1.80 ± 0.30 in winter and 1.45 ± 0.35 in autumn.
During the summer, the AAE was relatively constant throughout the day at all three sites with
average values of 1.08 ± 0.05 in Escuelas Aguirre, 1.08 ± 0.13 in CIEMAT, and 1.19 ± 0.15 in
Villanueva. Similar relatively flat profiles were measured in Escuelas Aguirre and CIEMAT during
the other three seasons, with AAE average values of 1.07 ± 0.09 in winter, 1.05 ± 0.05 in spring
and 1.07 ± 0.06 in autumn at Escuelas Aguirre and 1.17 ± 0.08 in winter, 1.16 ± 0.08 in spring and
1.07 ± 0.07 autumn at CIEMAT.
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Figure 5.25: Diurnal average variation of the absorption Ångström exponent at Escuelas Aguirre, CIEMAT
and Villanueva del Arzobispo during the four seasons. The central box spans the first quartile to the third
quartile. The line inside the box shows the median and “whiskers” above and below the box show the
minimum and maximum. The colored markers show the mean values and shadowed areas correspond to the
corresponding standard deviation.
The estimated absorption Ångström exponent (AAE) values using the methodology described
in the section 5.3.2 were between 0.97 and 1.12 for fossil fuel and between 1.63 and 1.74 for
biomass burning. These AAE values are consistent with previous studies, which have reported AAE
values near 1 related to black carbon from traffic emissions and much higher values for biomass
burning aerosols (Kirchstetter et al., 2004; Bergstrom et al., 2007; Sandradewi et al., 2008b; Zotter
et al., 2017). The source contributions to eBC were determined based on the above source specific
AAE values (AAE f f = [0.97 – 1.12] and AAEbb = [1.63 – 1.74]).
The mean eBC f f and eBCbb mass concentrations are shown in Table 5.3. In Madrid, the mean
eBC f f mass concentrations during winter and autumn were up to double and, in some cases, even
triple compared to the other two seasons. The same happened in Villanueva but for eBCbb. In winter,
the contribution of the prevailing source at each site seems to be exacerbated by meteorological
conditions at each site.








eBC f f eBCbb eBC f f eBCbb eBC f f eBCbb
(µg·m−3) (µg·m−3) (µg·m−3) (µg·m−3) (µg·m−3) (µg·m−3)
Total period 3.5 ± 3.6 0.2 ± 0.3 2.1 ± 2.7 0.2 ± 0.3 0.9 ± 1.7 1.7 ± 4.2
Winter 2014 – 2015 4.1 ± 4.0 0.2 ± 0.3 2.1 ± 2.5 0.3 ± 0.4 0.5 ± 1.2 4.1 ± 6.0
Spring 2015 2.7 ± 2.1 0.1 ± 0.1 1.2 ± 1.5 0.2 ± 0.2 0.8 ± 1.0 0.4 ± 1.0
Summer 2015 2.6 ± 2.2 0.1 ± 0.2 1.3 ± 1.5 0.1 ± 0.3 0.9 ± 1.2 0.2 ± 0.4
Autumn 2015 4.9 ± 5.0 0.2 ± 0.2 3.8 ± 3.9 0.2 ± 0.3 1.5 ± 2.6 2.7 ± 5.4
Table 5.3: Average mass concentration of eBC f f and eBCbb at Escuelas Aguirre, CIEMAT, and Villanueva
del Arzobispo sites.
The average diurnal cycles of eBC f f and eBCbb are summarized in Figures 5.26 to 5.29 (stacked
area charts in this case) for each season for all three sites. For the Madrid sites, the eBC f f is
practically the same as that of the total measured eBC. During weekdays, the eBC f f concentration
in Escuelas Aguirre and Villanueva was characterized by two peaks, one in the morning and another
in the late afternoon/early evening, coinciding with peak traffic times. On the contrary, the eBC f f
in the urban background site in CIEMAT had only one major peak in the morning. The evening
peak was also present but quite weak. In Madrid, especially in Escuelas Aguirre, on Saturdays and
on Sundays the evening eBC f f peak is higher than the morning one. This is related to nightlife
activities in Madrid and people returning home after the weekend, respectively.
The average diurnal cycle of eBCbb in Villanueva, in the winter and in the autumn, was
characterized by a strong early evening peak and a relatively weak morning peak (Figs. 5.26 and
5.29). Some differences are observed between both seasons, in winter the contribution of eBCbb is
higher during the traffic rush-hours comparing to autumn peaks, especially during evenings and
nights which can be explained by the typical operating time pattern of domestic heating appliances
in the coldest months. The Sunday nighttime eBC was stronger in winter than the other days and
was observed a couple of hours earlier than during the rest of the week consistent with the different
activity schedule followed by people on Sundays. In contrast, during the spring and the summer,
due to the absence of operation of domestic stoves, eBC concentrations are predominantly resulting
from traffic emissions and the contribution of eBCbb to total eBC is practically negligible except
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for the morning and evening/night hours in spring. In addition, due to the change of local time in
March and October, a small displacement of the peaks is observed between winter and autumn and
between summer and spring.
Figure 5.26: Average diurnal profiles of eBC source apportionment from fossil fuel (grey area) and biomass
burning (brown area) for Escuelas Aguirre, CIEMAT and Villanueva del Arzobispo on weekdays (first line),
Saturdays (second line), and Sundays (third line) during the winter of 2014–2015.
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Figure 5.27: Average diurnal profiles of eBC source apportionment from fossil fuel (grey area) and biomass
burning (brown area) for Escuelas Aguirre, CIEMAT and Villanueva del Arzobispo on weekdays (first line),
Saturdays (second line), and Sundays (third line) during the spring of 2015.
Figure 5.28: Average diurnal profiles of eBC source apportionment from fossil fuel (grey area) and biomass
burning (brown area) for Escuelas Aguirre, CIEMAT and Villanueva del Arzobispo on weekdays (first line),
Saturdays (second line), and Sundays (third line) during the summer of 2015.
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Figure 5.29: Average diurnal profiles of eBC source apportionment from fossil fuel (grey area) and biomass
burning (brown area) for Escuelas Aguirre, CIEMAT and Villanueva del Arzobispo on weekdays (first line),
Saturdays (second line), and Sundays (third line) during the autumn of 2015.
More than 93 % of the eBC in the traffic site in Madrid was due to fossil fuel emissions during
all seasons (Table 5.4). The traffic contribution at CIEMAT was a little lower but still represented
more than 84 % of the eBC in this urban background site. The highest biomass burning contribution
to eBC in CIEMAT was 16 % during the winter. These results indicate that biomass burning
contributed little to the eBC levels in Madrid in all seasons and confirm that fossil fuel combustion
was the dominant source. This is the first time that these results are obtained for the city, and,
comparing them with other cities, the values reported here for the fraction of eBCbb in winter (7
% in Escuelas Aguirre and 16 % at CIEMAT) are lower compared to those obtained in the same
season for urban site in Zürich (25 %) (Herich et al., 2011), yet similar to those observed for urban
sites in Paris (15 %) (Healy et al., 2012) and London (15 %) (Crilley et al., 2015).








eBC f f eBCbb eBC f f eBCbb eBC f f eBCbb
Winter 2014 – 2015 93 ± 20 7 ± 9 84 ± 38 16 ± 11 12 ± 18 88 ± 43
Spring 2015 96 ± 21 4 ± 4 85 ± 36 15 ± 11 64 ± 37 36 ± 32
Summer 2015 95 ± 17 5 ± 6 91 ± 23 9 ± 12 81 ± 20 19 ± 18
Autumn 2015 95 ± 25 5 ± 6 95 ± 20 5 ± 6 50 ± 37 50 ± 37
Table 5.4: Percent contribution of eBC f f and eBCbb to total eBC at Escuelas Aguirre, CIEMAT and
Villanueva del Arzobispo sites.
The situation was quite different in the rural area (Villanueva) where biomass burning was a
significant source of eBC in all seasons but summer. It was estimated that biomass combustion
contributed 88 % of the eBC during the winter and to be a significant source during the autumn
(50 %) and the spring (36 %) (Table 5.4). At this site, it is also the first time that such results are
obtained. The values obtained in this work for eBCbb are much higher than those observed for rural
areas in the UK (30 % in winter) (Crilley et al., 2015) and in Switzerland (33 % in winter and 6 %
in summer) (Herich et al., 2011). The eBC due to biomass burning was more similar to the small
village of Roveredo, in an Alpine valley of Switzerland (51 % in winter) (Sandradewi et al., 2008a).
The polar plot in Figure 5.30 shows, as an example, the mean concentrations of the contributions of
eBC f f and eBCbb to the total eBC in relation to the wind direction and wind speed obtained during
the autumn in Villanueva. It can be seen that higher concentrations were associated to South wind
direction with the maximum values at lower wind speeds, indicating that the corresponding sources
are mainly of local origin. It should be noted that Villanueva is located in a valley formed by two
rivers and winter thermal inversions occur quite frequently in the area.
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(a) (b)
Figure 5.30: Polar plots of the concentrations of the contributions of (a) fossil fuel (eBC f f ) and (b) biomass
burning (eBCbb) to the total eBC in relation to the wind direction and wind speed in autumn 2015 at
Villanueva del Arzobispo (source: Google Earth).
5.5 eBC, EC and OC comparison
Figure 5.31 shows the slopes (± standard error) and the correlation of the linear regression through
the origin between total eBC mass concentrations from the Aethalometer and EC mass concentration
in PM10 in both sites CIEMAT and in Villanueva. The difference between the slopes needs to be
interpreted with care as the number of samples at CIEMAT is smaller (n = 20) and all samples
are PM10 (including different amounts of mineral matter, possibly interfering with the thermal
analysis), and may be statistically biased. The difference may be mainly due to the distinct aerosol
chemical composition by the sources at each site, besides their age in the atmosphere influencing
the coating of the black carbon cores.
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Figure 5.31: Relationship between eBC and EC mass concentrations in PM10 collected at CIEMAT (n = 20,
top) and Villanueva del Arzobispo (n = 59, bottom).
EC and OC at CIEMAT were strongly correlated with eBC and eBC f f and a weaker correlation
was obtained for eBCbb (Fig. 5.31 (top) and 5.32 (top)), suggesting the lower influence of biomass
burning source at this location. In Villanueva, EC and OC were also highly correlated, but as
opposed to the urban area, with the total eBC and eBCbb mass concentrations and weaker with
eBC f f (Figs. 5.31 (bottom) and 5.32 (bottom)), indicating that the main source is biomass burning.
It should be noted that, in contrast to Zotter et al. (2017), EC was not source apportioned in this
work.
Figure 5.32 shows the slopes (± standard error) and the correlation of the linear regression
between total eBC mass concentrations from the Aethalometer and OC mass concentration in PM10
in CIEMAT and in Villanueva.
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Figure 5.32: Relationship between eBC and OC mass concentrations in PM10 collected at CIEMAT (n = 20,
top) and Villanueva del Arzobispo (n = 59, bottom).
MAC values of 13.3 ± 1.6 m2·g−1 at CIEMAT (from November 20, 2014 to June 30, 2015; n
= 20) and 5.87 ± 0.1 m2·g−1 at Villanueva (from November 22, 2014 to June 29, 2015; n = 59)
were obtained at a wavelength of 950 nm from the linear regression through the origin between
babs (950nm) and EC (Fig. 5.33). The correlation coefficients (R2) were 0.78 in CIEMAT and 0.98
in Villanueva, showing strong correlation at both sites. The large difference in MAC values could
be due to EC being removed from the filter during the helium phase of the analysis. It has been
documented that in samples where the amount of EC is small (below or near the detection limit), a
bias may occur in the position of the Sunset OCEC split and result in inaccurate EC values (Bae
et al., 2004; Arhami et al., 2006; Bauer et al., 2009). If EC is "artificially" low, then MAC needs to
be higher to achieve eBC. Moreover, it is necessary to take into account the fact that all samples
are PM10, which indicates contribution of mineral dust on the coarser fraction of ambient particle
concentrations (Artíñano et al., 2003; Zanatta et al., 2016). These MAC values are in contrast to
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the finding of Zotter et al. (2017), where results indicate no significant difference in MAC at 880
nm (with a value of 11.8 m2·g−1) between eBC originating from traffic or wood-burning emissions.
Therefore, further analyses of EC are required.
Figure 5.33: Relationship between daily average babs (950nm) and EC mass concentrations in PM10 collected
at CIEMAT (black, n = 20) and Villanueva del Arzobispo (brown, n = 59).
OC and EC concentrations obtained at CIEMAT in this study (see Table 5.5) were similar
to those reported by Plaza et al. (2011a) at the same place, except for very low EC values, as
mentioned above. A seasonal variation was observed in the EC values at CIEMAT and Villanueva
(Tables 5.5 and 5.6) showing a decrease in the spring period, which could be related to favorable
atmospheric dilution conditions and reduction of emissions. Maximum EC and OC values, which
occurred in winter, can be associated to meteorological conditions causing pollutant accumulation
















Table 5.6: Summary of the dates of filters measurements, size fractions and samples collected at Villanueva del Arzobispo.
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The OC/EC mass ratios can be used to study the emission and transmission characteristics of
carbonaceous aerosol, which due to the source variability for a specific site, can have a seasonal
character throughout the year (see Tables 5.5 and 5.6). In general, OC/EC ratios in many urban
sites around the world are in the range of 1.0 to 4.0, a value greater than 2.0 is attributed to SOA
formation in the atmosphere (Cao et al., 2003). However, such high OC/EC ratios cannot be
explained only in terms of enhanced contribution from SOA, rather it can be associated to the
predominance of biomass burning sources (Ram and Sarin, 2010). Plaza et al. (2011a) obtained at
CIEMAT monthly averaged OC/EC ratios ranged from 1.6 to 6.0. In the aforementioned study, a
seasonal variation was observed with lower values in winter and higher values in spring-summer. In
our work, OC/EC ratio ranged at CIEMAT from 1.3 to 26.5 in PM1, from 1.5 to 26.5 in PM2.5 and
from 1.5 to 34.5 in PM10, and in Villanueva from 3.5 to 18.4 in PM2.5 and from 3.6 to 15.5 in PM10.
In the urban area, the ratios showed weak correlations (R2 = 0.11 in PM1 and PM2.5, and R2 = 0.27
in PM10). In the rural station, the high ratios of OC/EC have been explained by the presence of
local sources such as biomass burning combustion (Na et al., 2004; Zhang et al., 2007b), showing a
preponderance of OC. In other rural sites in Europe, similar OC/EC ratios to those in Villanueva
have been observed (Castro et al., 1999; Pio et al., 2007; Sandrini et al., 2014). At these sites, the
increase of OC concentrations in winter has been related to biomass burning for residential heating
and a similar origin could be deduced for Villanueva. The slopes and their standard errors of the
linear regression between OC and EC at this site were 5.5 ± 0.2 in PM2.5 and 5.6 ± 0.2 in PM10,
showing a high correlation both in PM2.5 (R2 = 0.91) and PM10 (R2 = 0.94) (see Fig. 5.34). The
intercept (1.1 ± 0.6 in PM2.5 and 1.3 ± 0.6 in PM10) can be interpreted as the OC background
concentration from non-combustion sources, however, it can be biased by uncertainty in carbon
measurement. Nevertheless, it may also be understood as the biogenic secondary organic aerosol
source found by Salvador et al. (2016) after a source apportionment study performed at this same
site. The high OC/EC ratios obtained in Villanueva, their seasonal behavior with higher values
in winter, and the good correlation between OC and EC that suggests they have come common
sources, allowed to conclude that the main contribution to atmospheric particles derived from
biomass burning in this area.
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Figure 5.34: Relationship between OC and EC mass concentrations in PM10 (left) and PM2.5 (right) collected
from 22nd November 2014 until 29th June 2015 in Villanueva del Arzobispo (n = 59).
5.6 eBC and biomass burning tracers
The concentrations of three monosaccharide anhydrides (MAs) (levoglucosan, mannosan and
galactosan) that are often used as biomass burning tracers together with the potassium associated
with biomass burning (Kbb) were measured in Villanueva. Winter and spring average mass con-
centrations are shown in Table 5.7. The levoglucosan and Kbb concentrations in winter increased
up to 5.9 µg·m−3 and 5.6 µg·m−3 in PM2.5 and 7.4 µg·m−3 and 6.3 µg·m−3 in PM10, respectively,
at times when the impact of biomass burning emissions is expected to be higher. In the same
season, concentrations of mannosan varied from 0.01 to 0.38 µg·m−3 in PM2.5 and from 0.01 to
0.47 µg·m−3 in PM10, and those of galactosan from 0.01 to 0.30 µg·m−3 in PM2.5 and from 0.01
to 0.36 µg·m−3 in PM10. Levoglucosan concentrations measured in Villanueva are in the range
of values reported for other areas such as Aveiro in Portugal (Gelencsér et al., 2007; Puxbaum
et al., 2007) and Fresno in US (Schauer and Cass, 2000); but lower than measured concentrations
in a rural background site in Italy (Gilardoni et al., 2011) and higher than measured at two rural
sites in UK (Crilley et al., 2015) and a rural background site in the Czech Republic (Herich et al.,
2014; Schwarz et al., 2016). The concentrations of the MAs are in the range of values reported in
Fourtziou et al. (2017). The Kbb concentrations were significantly higher compared with values
obtained in other rural sites (Puxbaum et al., 2007; Harrison et al., 2012).
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Table 5.7: Average mass concentration of the potassium associated with biomass burning (Kbb) and the
three organic compounds (levoglucosan, mannosan and galactosan) that are often used as biomass burning
tracers and their ratios for winter and spring in Villanueva del Arzobispo.
The relationship between the concentrations of these MAs together with Kbb and of eBCbb
were used in the section 5.3.2 as a test of the source apportionment algorithm to obtain the best
AAE values. The R2 coefficient between daily average (24-hour) eBCbb mass concentrations and
those of the biomass burning tracers range from 0.71 for levoglucosan, to 0.73 for mannosan, 0.82
for galoctosan, and 0.92 for Kbb during winter in Villanueva (Figs. 5.35a - 5.35c and Table 5.8).
The corresponding R2 values between the eBC f f and these tracers were all much lower and below
0.40. The regression intercept of the four biomass tracers on eBCbb should be zero if the methods
are consistent and all experience the same rate of atmospheric removal (Fuller et al., 2014). In this
work, the intercepts were close to zero (Fig. 5.35a), suggesting the stability of the biomass burning
tracers during the cold season.





Figure 5.35: Relationship between eBCbb and the four organic compounds used as biomass burning tracers
in PM10 collected in Villanueva del Arzobispo (a) from 22nd November 2014 until 29th June 2015, (b) in
winter 2014 – 2015, and (c) in spring 2015. eBCbb vs Kbb (open circles, top left), eBCbb vs levoglucosan
(open squares, top right), eBCbb vs mannosan (open triangles, bottom left), and eBCbb vs galactosan (open
diamonds, bottom right).
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From 22/11/2014 until 29/06/2015
eBC 0.91 0.75 0.77 0.81
eBC f f 0.20 0.16 0.23 0.19
eBCbb 0.94 0.77 0.81 0.85
Winter 2014 - 2015
eBC 0.93 0.67 0.69 0.78
eBC f f 0.16 0.002 0.000001 0.003
eBCbb 0.92 0.71 0.73 0.82
Spring 2015
eBC 0.62 0.62 0.51 0.35
eBC f f 0.16 0.20 0.28 0.38
eBCbb 0.93 0.98 0.94 0.83
Table 5.8: Relationship (R2) of the total eBC and the determined eBC f f and eBCbb between four organic
compounds used as biomass burning tracers in Villanueva del Arzobipso.
The levoglucosan to mannosan (L/M) and the levoglucosan to the sum of mannosan and
galactosan (L/(M+G)) ratios can be used to distinguish hard- and soft wood types (Schmidl et al.,
2008) and were used before to separate different biomass burning sources (Fabbri et al., 2009; Oanh
et al., 2011; Harrison et al., 2012). Hardwood burning leads to high ratios, around 12 – 24, while
softwood burning leads to low ratios, around 3 – 7 (Fine et al., 2004; Caseiro et al., 2009). Fabbri
et al. (2009) found L/(M+G) ratios larger than 30 for lignite combustion and between 0.4 and 18
for various source tests for biomass burning. These results may be utilized to distinguish the smoke
emissions from different fuel types, but those authors recommend being careful when interpreting
sources of anhydrosaccharides in atmospheric aerosols due to possible mixing of smoke from
burning of lignite and biomass, and due to the high values of the L/M and L/(M+G) ratios for some
hardwoods and grasses. The ratio of Kbb/L is quite variable between season and sites. Gao et al.
(2003) found that the potassium/levoglucosan ratio in aerosols produced from Savannah forest
146 Chapter 5.
fires was 33.3 during flaming phase and from 0.2 to 0.6 for smoldering combustion. Puxbaum
et al. (2007) found winter values of K/L ratio between 0.2 and 2.1 and summer values of 3.3 - 9 at
CARBOSOL sites.
In Villanueva, the average L/M ratios in PM2.5 were 13.5 ± 7.5 in winter and 11.7 ± 5.8 in
spring. The ratios in PM10 were quite similar to those in the fine particles: 13.2 ± 8.9 in winter
and 11.0 ± 5.7 in spring. The winter and spring average L/(M+G) ratios were 8.0 ± 4.8 and 7.0
± 5.5 in PM2.5 and 7.5 ± 5.2 and 6.4 ± 5.1 in PM10. These values are similar to those ratios that
have been found during hardwood combustion in previous studies (Fine et al., 2004; Engling et al.,
2006) supporting the hypothesis that the olive wood (one of the hardest of all woods) combustion
is a major source of carbonaceous particulate matter at this site. Moreover, these values were
much smaller than those reported for lignite burning by Fabbri et al. (2009), suggesting that lignite
burning is not considered as a possible source of MAs and the biomass (especially wood) burning
is supposed to be the dominant source of MAs found in this area. Relatively high Kbb/L ratios were
obtained in Villanueva (2.3 ± 1.5 (PM2.5) and 2.0 ± 1.1 (PM10) in winter and 20.3 ± 23.2 (PM2.5)
and 23.8 ± 31.0 (PM110) in spring) in comparison with background sites in Europe (Puxbaum
et al., 2007). This may be due to uncertainties introduced by the correction approach described
in section 3.2.3.2, which could lead to an overestimation of potassium associated with biomass
burning. Therefore, further analyses of Kbb are needed.
Chapter6
Conclusions and future work
6.1 Conclusions
The use of state-of-the-art instrumentation for aerosol speciation has allowed to investigate the
aerosol properties, their variation and their relationship with atmospheric scenarios at the urban
background station of CIEMAT Research Center in Madrid. For the first time, the sampling and
the characterization of PM1 aerosol chemical composition and atmospheric black carbon was
performed using online techniques. Unprecedented, atmospheric black carbon was also studied at
an urban traffic station in Madrid and a rural area in Andalusia. Furthermore, the implementation of
co-located online and oﬄine measurements, such as particulate matter or ambient filter sampling,
provided a greater understanding of aerosol sources and phenomenology occurring in these areas.
The principal conclusions reached throughout this thesis, connected to the objectives presented in
Chapter 2, are set out below:
With regard to the objective 1 of this thesis, the following conclusions are achieved:
• Chemical composition of the submicron aerosol was obtained in Madrid by means of the
ACSM based on 15 months of continuous measurements non-refractory species database.
This study, along with the PM10 eBC mass obtained with the Aethalometer, confirmed the
dominance of the carbonaceous aerosol in urban background environments. On average,
organic aerosol was the foremost PM1 constituent (48 %), followed by eBC (24 %), nitrate
(12 %), sulfate (10 %), and ammonium (6 %) at CIEMAT site.
• Seasonal variation of the PM1 mass and chemical components concentrations showed higher
values in the cold months than in the warm months. The seasonal variation was attributed
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to a variety of factors: (a) the evolution of the PBL height throughout the year, (b) changes
of source emissions, (c) photochemical processes, (d) synoptic circulation and (e) local
meteorological factors. In spring and summer, the higher temperature and the intense solar
radiation favor the development of the PBL, and the secondary aerosol formation through
atmospheric photochemical reactions.
• Organic aerosol showed lower average concentrations in autumn and summer than other
seasons due to the volatility of some organic aerosol species, such as biogenic OA.
• High levels of particulate nitrate in autumn and winter were related to the transport of NH3
combined with low temperatures and/or high relative humidity. Unlike, particulate nitrate
concentrations undergo a reduction at warmer temperatures as a result of ammonium and
nitrate partitioning to the gas-phase.
• Sulfate concentrations showed a modest seasonal effect, with the highest average concentra-
tion occurring in the autumn and the lowest average concentration in the winter. The volcanic
ash episode at the end of September 2014 significantly affected the seasonal pattern of sulfate
concentrations, which reached a maximum value of 11.7 µg·m−3.
• The diurnal variation of PM1 components showed less pronunced diurnal cycles in the warmer
months than during other seasons, except for eBC which presented a strong maximum in the
early morning. In both winters and autumn, organic concentrations had a marked diurnal
cycle, characterized by two peaks. The morning peak was attributed to traffic emissions,
and the late evening peak resulted from the mixing of lowest PBL height and additional
contributions from vehicles in Madrid. Something similar occurred to eBC, whereas the
morning maximum was sharper than the evening peak. In relation to particulate nitrate, the
diurnal cycle followed closely the diurnal trend of solar radiation, suggesting the dominance
of photochemical processes in nitrate formation in Madrid. Nitrate and ammonium exhibited
analogous diurnal profiles. The diurnal pattern of sulfate differs from the rest species.
Even though no large fluctuations were observed throughout the day in all seasons, an
increase during daytime until noon took place, highlighting the importance of the gas-phase
photocemical processes in the sulfate daily evolution. In addition, our findings confirm those
of previous studies carried out at the same measurement research station.
In relation to the objective 2, it is thus concluded that:
6.1. Conclusions 149
• A high-quality database of chemical composition was obtained with online continuous
measurement of non-refractory species (urban background station in Madrid) and eBC mass
concentration (urban background and traffic sites in Madrid, and rural area in Jaén).
• The intercomparison campaigns of the ACSM, Aethalometer, and Sunset OC/EC analyzer
have provided a diagnosis of the instrumentation performance. Likewise, such procedures
have allowed us to identify technical problems, to procure solutions and to guarantee quality
data.
• The time series of the NR-PM1 ACSM plus PM10 eBC when compared to PM1 mass
concentration from SMPS and Grimm 1.107 showed strong correlations and the linear
regression slopes close to unity. This confirmed the suitability of the application of a CE = 1.
The objective 3 is described within the conclusions of the objectives 1 and 4 since they are
closely intertwined.
Concerning the objective 4, the succeeding conclusions are reached:
• The equivalent black carbon (eBC) concentrations at the urban sites in Madrid areas were
found to be comparable in magnitude to other urban places. On the contrary, the rural area in
Andalusia obtained higher eBC concentrations than other rural sites in Europe.
• A seasonal variation was observed with concentration levels higher in autumn and winter
than in spring and summer as a result of meteorological conditions, and concentrations in
emissions were especially high in winter at the rural site due to biomass burning.
• The highest eBC/PM10 ratios were registered in the cold months in Madrid due to the increase
in the eBC concentrations mostly from traffic emissions during several stagnant air pollution
episodes.
• eBC/PM10 ratios were lower in the rural area than those measured in the urban sites because
of the different composition of the combustion emissions, the mineral dust sources associated
with African dust outbreaks influencing most the experimental rural than the urban sites, and
the formation of secondary inorganic and organic aerosol, which increased the concentrations
of PM10 with non-carbonaceous materials.
The objective 5 is accomplished as follows:
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• The sensitivity analysis provided the most appropriate absorption Ångström exponents (AAE)
values for source apportionment. This task is relevant, since it optimized the Aethalometer
model and provide realistic results with AAE values between 0.97 and 1.12 for fossil fuel
combustion and between 1.63 and 1.74 for biomass combustion. Besides, it has been observed
that AAE varied depending on the site and the season.
• Seasonal variation of eBC in the rural area showed that the contribution of eBC associated
with biomass burning (bb) played an important role in the coldest months due to the use of
domestic heating. By contrast, the main source in Madrid was due to fossil fuel (ff) emissions
during the whole period. The contribution of biomass burning in the urban sites was similar
to those observed for urban sites in Paris and London. This current paragraph also concerns
the objective 4.
• Comparison of absorption measurements with the EC determined by thermo-optical methods
revealed MAC values of 13.3 m2·g−1 at CIEMAT and 5.87 m2·g−1 at Villanueva, at a
wavelength of 950 nm. Consequently, it can be stated that the MAC coefficient highly
depends on aerosol composition, the region and the meteorological scenarios.
• The high concentration of the biomass burning tracers in Villanueva during winter confirmed
that the biomass burning is an important source of absorbing aerosols during the cold
season. The estimated eBC contribution from biomass burning in the rural station was well
correlated with the concentrations of organic biomass burning tracers and very well with the
concentrations of the potassium associated with biomass burning, so supporting the applied
methodology.
6.2 Future work
The results obtained in the present work have shown important features of the main physical,
chemical and optical properties of urban and rural areas in Spain, and have led to further open
questions and gaps in knowledge that future research will hopefully clarify them. Some of these
gaps are briefly described below:
• The off-line PM chemical composition would provide useful information for the analysis of
trends and to validate the aethalometer model. In the CIEMAT research station the number of
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chemical measurements available for this work were limited. Thus, it is essential to continue
the PM filter sampling and chemical analyses.
• The source apportionment analysis (ME-2 and SoFi) of the organic fraction from the ACSM
mass spectra data is an essential part not tackled in this work and would contribute to
the characterization of organic aerosol (OA) components at an urban background site in
Madrid. The deconvolution of OA would allow to identify factors such as hydrocarbon-
like OA (HOA) corresponding to primary OA emissions from traffic, biomass burning OA
(BBOA) from domestic heating or agricultural biomass burning activities, cooking OA
(COA), and oxygenated OA (OOA: low-volatility OOA (LV-OOA), related to regional, highly
photochemically aged OOA and semi-volatile OOA (SV-OOA), a less aged OOA). This task,
which is actually one of the main research lines in Europe, will require a great extra effort and
time, but the most important thing is that it could be performed with the significant database
obtained in this thesis.
• The continuation of measuring in a simultaneous way with co-located instruments, PM1
chemical composition together with aerosol optical properties would present the unique
opportunity to investigate the optical properties of specific chemical components. These
studies are important for determining the radiative forcing of specific components of PM1
such as eBC, sulfate, nitrate and/or organic matter, and would thus provide relevant knowledge
for long-term climate studies in the region.
• The measurement of eBC at different fractions, with two AE33 instruments or a new in-
strument under development with capabilities of different size cuts along with SMPS mea-
surements, could provide new insight on the fresh emitted vs. aged and local vs. regional
carbonaceous aerosol. This line is currently being undertaking by a research project, recently
approved by the State Research and Development Plan.
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